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FOREWORD

One of the statutory functions of the IAEA is to establish or adopt standards
of safety for the protection of health and life and the minimization of damage
to property in the development and application of nuclear energy for peaceful
purposes. The IAEA is also required to provide for the application of these
standards to its own operations as well as to operations to which it provides
assistance and, at the request of the parties to any bilateral or multilateral
arrangement, to operations carried out under that arrangement, or, at the request
of a State, to any of that State’s activities in the field of nuclear energy.

Requirements pertaining to the seismic hazard assessment of a site and the
seismic design of a nuclear installation are established, and recommendations on
how to meet them are provided in IAEA safety standards. This report provides
assistance on how to approach seismic hazard assessment in diffuse seismicity
zones and provides further guidance on good practices in relation to the role of
diffuse seismicity on seismic hazard assessment in site evaluation, to support the
implementation of the relevant safety standards.

The treatment of diffuse seismicity in site evaluation differs from the
practices applicable to identified seismic sources (e.g. capable faults). This report
addresses the issues of the seismotectonic setting of the site and the selection of
methodologies.

Regarding the seismotectonic setting of the site, diffuse seismicity is present
in many different tectonic environments. It is not practical to present a unified
methodology for assessing seismic hazards due to diffuse seismicity in this
report. Available methodologies that accommodate varying tectonic conditions
are introduced and discussed with practical examples.

Methodology selection may depend on the quality and quantity of the
information available for seismic hazard evaluation. The quality and quantity
may vary a great deal depending on the tectonic environment and the location of
the site. In general, the amount of available geological and tectonic information
in low seismicity regions is limited. Different types of methodologies to evaluate
seismic hazards are introduced with their advantages and disadvantages.
Embarking countries can select a methodology that is most consistent with the
available quality and quantity of data.

The content of this report was reviewed at several IAEA consultants
meetings, the first of which was held from in November 2012, and finalized
in accordance with the recommendations of these meetings. The IAEA officer
responsible for this publication was Y. Fukushima of the Department of Nuclear
Safety and Security.



EDITORIAL NOTE

Guidance provided here, describing good practices, represents expert opinion but does
not constitute recommendations made on the basis of a consensus of Member States.

This report does not address questions of responsibility, legal or otherwise, for acts or
omissions on the part of any person.

Although great care has been taken to maintain the accuracy of information contained
in this publication, neither the IAEA nor its Member States assume any responsibility for
consequences which may arise from its use.

The use of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of
their authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as
registered) does not imply any intention to infringe proprietary rights, nor should it be construed
as an endorsement or recommendation on the part of the IAEA.

The authors are responsible for having obtained the necessary permission for the IAEA
to reproduce, translate or use material from sources already protected by copyrights.

This publication has been prepared from the original material as submitted by the
authors. The views expressed do not necessarily reflect those of the [AEA, the governments of
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maps do not necessarily imply official endorsement or acceptance by the IAEA.
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1. INTRODUCTION

1.1. BACKGROUND

In TAEA Safety Standards Series SSG-9, Seismic Hazards in Site
Evaluation for Nuclear Installations [1], earthquakes are classified into two
groups: earthquakes occurring on identified seismotectonic structures, and
earthquakes occurring in locations where no apparent correlation can be made
with any specific geological structure. The earthquakes in the latter case are
referred to as diffuse seismicity. This report describes procedures that can be used
to estimate the seismic hazard in diffuse seismicity regions.

Nuclear installations have to be able to withstand earthquakes even if they
are located in regions of low or diffuse seismicity. The possibility of earthquakes
occurring near the site cannot be excluded and the effect has to be assessed in an
appropriate way. Even earthquakes of moderate magnitude can generate ground
motions of sufficient amplitude to affect the structures, systems and components
of nuclear installations. Hence, in seismic hazard assessment (SHA) for
nuclear installations, it is important to consider the potential contribution from
earthquakes located in diffuse seismicity zones as well as the contribution from
earthquakes occurring on identified seismotectonic structures.

1.2. OBJECTIVE

The main purpose of this report is to provide guidance for addressing the
seismic hazard from diffuse seismicity zones to nuclear installations in a manner
consistent with internationally recognized practices. This report may be used as
a reference by regulatory organizations and by organizations responsible for the
evaluation of seismic safety hazards for nuclear installations.

1.3. SCOPE

The scope of this report covers the treatment of diffuse seismicity zones in
seismic hazard evaluations of nuclear installations. State of the art seismic hazard
evaluations of diffuse seismicity relating to three issues are introduced in this
publication.

(1) The seismotectonic setting may vary from site to site. Diffuse seismicity
can occur in tectonically stable crustal regions, tectonically active



intra-plate crustal regions, inter-plate crustal regions, subduction regions
and intra-slab regions.

(2) The quality and quantity of information available for seismic hazard
evaluation varies from site to site, and may influence the approaches used
to model diffuse seismicity.

(3) The method used to model diffuse seismicity should be appropriate for the
specific conditions that exist at the site.

Guidance provided in this report, describing good practices, represents
expert opinion but does not constitute recommendations made on the basis of a
consensus of Member States.

1.4. STRUCTURE

Section 2 of this report defines a region of diffuse seismicity, considering
factors such as the seismicity rate, geological information, earthquake distribution
and seismotectonic setting. Section 3 presents methodologies used for the
evaluation of seismic hazard in diffuse seismicity regions. Section 4 provides
practical examples from different seismogenic settings and approaches used to
model diffuse seismicity. A more detailed example is provided in the Appendix.

Section 5 describes methods for testing probabilistic seismic hazard
analysis (PSHA) results. Section 6 describes the conclusions of this report and
proposes tasks for future work.

The Appendix also discusses a project that evaluates seismic hazard in
diffuse seismicity regions as a case study. The Annex contains examples of
available data.

2. CHARACTERIZATION OF DIFFUSE SEISMICITY

2.1. CHARACTERIZATION OF DIFFUSE SEISMICITY

In SSG-9 [1], seismicity is classified into two categories: earthquakes
occurring on identified seismotectonic structures, and earthquakes occurring on
structures that are not identifiable using the current understanding of the tectonic
environment in the region. SSG-9 [1] specifically states that:



“any seismotectonic model should consist, to a greater or lesser

extent, of two types of seismic sources:

(1) Those seismogenic structures that can be identified using
the available database;

(2) Diffuse seismicity (consisting usually, but not always,
of small to moderate earthquakes) that is not attributable to
specific structures identified by using the available database.”

Following these definitions, this report defines diffuse seismicity zones
as zones where the occurrence of earthquakes cannot be correlated with any
identified seismogenic structures. Such zones are defined not only by physical
phenomena but also by a functional concept derived from the lack of adequate
seismic studies and databases. The potential locations of earthquakes in diffuse
seismicity zones are distributed throughout the zone. Consequently, the concept
of diffuse seismicity implies that if a nuclear installation site lies within a zone
of diffuse seismicity, then below a certain magnitude threshold, earthquakes can
occur randomly throughout the zone and can therefore potentially occur close to
the nuclear installation site.

Diffuse seismicity zones are, therefore, very significant for modelling
seismic hazards in regions of low and moderate seismicity where there are
few identified seismogenic structures. However, diffuse seismic zones also
play an important role in regions of high seismicity where diffuse seismicity is
most conveniently modelled using distributed earthquake source zones rather
than identified faults or seismogenic structures. Earthquakes occurring within
subducting slabs are an example of this kind of seismicity, because they tend to
be distributed within the slab in a relatively uniform way.

Distributed seismicity is usually modelled using the Gutenberg-Richter
(GR) relation, which implies the existence of a self-similar fractal distribution of
fault and earthquake sizes. However, the seismicity of large, shallow crustal-scale
faults, especially strike-slip faults that form plate boundaries, is often modelled
using the characteristic earthquake recurrence model [2] (in which large
earthquakes on the fault may be much more frequent than the rate projected from
smaller earthquakes on the fault) or the maximum earthquake model [3] (in which
the maximum earthquake is considered to be the only earthquake magnitude that
occurs on the fault). Especially in the maximum earthquake model, but also in
the characteristic earthquake model, the smaller earthquakes may be thought of
as being a separate source of seismicity that is localized on or near the fault. If
the seismicity is occurring on off-fault structures in a wider zone around a fault,
it may be appropriate to model it using a distributed source zone. However, if the
seismicity is localized on or near the fault, it may be more effectively modelled
using a seismogenic structure (fault rupture) model [4] than a distributed source
zone.



2.2. SEISMICITY

Seismicity is the spatial and temporal distribution of earthquakes. From
a temporal point of view, two main categories of earthquake activity rates are
distinguished: low and moderate seismicity areas, and active seismicity areas.

2.2.1. Low and moderate seismicity areas

The instrumental record of seismicity is only about one century long, and
historical seismicity records are often not much longer than that in many regions,
and extend four thousand years at the most. Although palacoseismology may
extend the earthquake record further back in time, it is often difficult to identify
seismogenic structures in regions of low or moderate seismicity, and therefore to
identify where earthquakes might occur within them. It is also difficult to identify
the magnitudes of the largest earthquakes that can occur, because they may not
have occurred in historical time and may not have been identified in geological
records based on present seismic studies and databases.

2.2.2. High seismicity areas

In seismically active regions, it is usually possible to identify seismogenic
structures that are the sources of large earthquakes, as mentioned in Section
2.1. Such source zones are not discussed in this report. However, even in these
regions, sources of diffuse seismicity can contribute significantly to the seismic
hazard if there are not any major active source regions in the vicinity of the target
site. This is especially true, if scenario based (previously termed ‘deterministic’)
SHA is used, because that approach does not consider the rate of seismic activity.
In a scenario based SHA, local earthquakes may not contribute significantly to
the seismic hazard. However, in a probabilistic SHA, because of their very high
frequency of occurrence, they may dominate the hazard.

2.3. SEISMOTECTONIC SETTING

Figure 1 shows epicenters of earthquakes with magnitudes larger than 4.
The red dots show the distribution of earthquakes that occur in shallow crust, and
the light blue or blue dots show those that occurred in deep intra-slab Wadati-
Benioff zones. The locations where large earthquakes occur are concentrated
in discrete regions, and most of them occur on identified seismic structures.
However, a significant portion of earthquakes occur as diffuse seismicity.
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FIG. 1. Worldwide earthquake source distribution 1960-2013 with magnitude larger than 4
(reproduced from the International Seismological Centre (ISC) web site with permission).

Diffuse seismicity occurs in different seismotectonic settings and involves
various different types of earthquakes. First, the seismotectonic setting of the site
region needs to be identified. This can be done by analysing the overall tectonic
environment. The following sections describe several tectonic environments and
describe how diffuse seismicity may occur within these tectonic environments.

Figure 2 is a schematic diagram of a subduction plate boundary and
the types of large identified earthquakes that occur within it [5]. Figure 3 is a
schematic diagram of two types of crustal plate boundaries showing a transform
fault zone and a crustal collision zone (not labelled). Away from plate boundaries
like those shown in these two figures, seismicity is generally low, reflecting the
tectonic stability in regions that are remote from the plate boundaries. Diffuse
seismicity usually, but not always, consists of small to moderate earthquakes
that are not attributable to specific structures identified by using the available
database. In particular, the concept of diffuse seismicity implies that, at least
below some magnitude threshold, earthquakes can occur randomly throughout
a region and can therefore potentially occur close to a nuclear installation site.
Diffuse seismicity can occur in each of the following tectonic environments. The
first two are end members of a continuum of tectonic environments.
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FIG. 3. Schematic diagram of large crustal plate boundary earthquakes in transform zones
with strike-slip faulting and rifts with normal faulting (left) and in a plate collision zone with
reverse faulting (right).



These figures are not only relevant to diffuse seismicity but also to the
seismicity of identified earthquake sources, as well as being helpful in the
identification of sources.

2.3.1. Crustal intra-plate earthquakes in tectonically stable continental
regions

Earthquakes that occur in the continental crust away from plate margins
are described as crustal intra-plate earthquakes in tectonically stable continental
regions. They are relatively infrequent, but their magnitudes can be quite large.
Identified seismic sources are usually not well determined in this type of tectonic
setting, and diffuse seismicity generally dominates the seismic hazard. It is
important to evaluate the regional characteristics of the seismicity and tectonics
in these zones. Information from palaeoseismology may provide valuable data
for estimating the magnitudes of the largest possible earthquakes in these regions.

2.3.2. Crustal intra-plate earthquakes in tectonically active plate boundary
regions

In crustal intra-plate regions close to active plate margins, such as the
Japanese archipelago, there are regions where seismicity is very high. Most
large earthquakes along active plate boundary regions occur on active fault
systems and are associated with identified faults. However, as mentioned in
Section 2.1, diffuse seismicity may also exist in the vicinity of these active
regions. Earthquakes also occur on unidentified, off-fault structures in a wider
zone around the faults. In this case, it may be appropriate to model such seismic
activity using a distributed seismicity source zone. However, if the seismicity is
localized on or near an identified fault, it may be more effectively treated using a
seismotectonic fault model.

2.3.3. Crustal plate boundary earthquakes

Examples of transform fault zones like the one shown on the left of Fig. 3
include the San Andreas Fault system in California and the Anatolian fault system
in Turkey. An example of the crustal collision zone (not labelled) shown on the
right of Fig. 3 is the collision zone between the Indian plate and the Eurasian
plate. Most large earthquakes on these fault systems are associated with identified
seismotectonic structures because the source faults are clearly identified on the
ground surface. However, as mentioned in Section 2.1, diffuse seismicity may
also be present if it is occurring on unidentified off-fault structures in a wider
zone around a fault. In this case, it may be appropriate to model the diffuse



seismicity using a distributed source zone. However, as for the case of intra-plate
earthquakes, if the seismicity is localized on or near the identified fault, it may
be more effectively treated using a seismotectonic structure model rather than a
distributed source zone.

2.3.4. Subduction interface earthquakes

Most large subduction earthquakes occur offshore, relatively distant from
land. In this situation, the contribution of diffuse seismicity, if present in the
plate interface region, is expected to be negligible. However, in locations where
the shallow plate interface is close to shore, such as beneath Tokyo, Japan, and
Wellington, New Zealand, the potential contribution of diffuse seismicity may
require consideration.

2.3.5. Intra-slab Wadati-Benioff zone earthquakes

Intra-slab earthquakes occur within the subducting oceanic plate in the
Wadati-Benioff zone, generally at depths greater than 30 km, and are shown
in Fig. 1. Since it is difficult to identify the faults on which these earthquakes
occur, it is most convenient to treat them as diffuse seismicity occurring within
distributed seismic source zones. The depth and magnitude distributions of
the events, which are required for SHA, may be based on records of historical
seismicity. To identify the depth ranges of diffuse seismicity, the Wadati-Benioff
zone in the target area should be evaluated.

2.3.6. Intra-slab outer rise earthquakes

Intra-slab earthquakes also occur oceanward of the trench at shallow depths
within the oceanic plate, as shown in Fig. 2. The locations and magnitudes of
this category of earthquakes are difficult to estimate, and detecting potential
source faults may require expansive and detailed marine geophysical surveys.
Hence, it is most convenient to treat these regions as diffuse seismicity regions in
SHAs. The depth and magnitude distribution of the events, knowledge of which
is required for SHA, may be based on records of historical seismicity. Diffuse
seismicity in the outer rise does not usually dominate ground motions at nuclear
installations, because these types of earthquakes occur far offshore. However,
the potential impact and contribution to the total hazard should be considered in
probabilistic SHA.



2.4. CONSISTENCY WITH PALAEOSEISMOLOGY

Palacoseismological approaches are powerful tools for seismic source
characterization efforts in diffuse seismicity regions [6]. In the absence of long
term direct measurements of earthquake activity and identifiable seismogenic
fault structures in diffuse seismicity zones, palacoseismological investigations
may provide critical information to identify past large earthquakes and their
occurrence rates in such regions.

From a seismological perspective, surface faulting is the result of coseismic
crustal faulting that reaches or at least deforms the ground surface. They are
the most common causes of strong ground motion. Magnitude is related to
seismic moment and is therefore dependent on the size of the rupture (area) and
the amount of displacement. Therefore, the measurement of minimum slip in
palaeoseismological trenches and the length of the surface fault rupture represent
essential parameters for magnitude estimate, also via empirical relationships.
However, the boundary between buried and surface-breaking earthquake
magnitudes is area dependent.

If enough data is gathered, the curve shown in Fig. 4 can shift towards the
lower magnitudes. If a regional seismotectonic source is considered as uniform,
it must be accepeted that unidentified earthquakes of larger magnitudes may
have occurred; consequently, the curve can shift towards the higher magnitudes.
Seismic hazard studies may need to take into account such uncertainties. This is
essential in areas of especially high seismicity. For example, the 2000 earthquake
in West Tottori, Japan (M, 7.3, My, 6.6), occurred without an identified capable
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FIG. 4. A simplified overview of the identification rate of seismic sources. The rate of
identification of seismic sources increases gradually with earthquake magnitude. Diffuse
seismicity has an identification rate of zero. Please note that the values shown are not precise.



fault. Based on the data in active areas, Shimazaki [7] suggested in 1986 that the
border of surface-breaking shallow seismicity is a moment magnitude (M) of
6.5 (My= 7.5 x 10" N'm). This magnitude level might be an average
recommendable for active regions.

However, if detailed and careful geological, geomorphological, geophysical
and seismological investigations are conducted at the target site, the level of
required magnitude can be decreased according to expert judgements and data.
SSG-9 [1], in section 3, paras 3.3 and 3.4, provides guidance on the conduct of
investigations:

“Investigations should be conducted on four spatial scales — regional,
near regional, site vicinity and site area — leading to progressively
more detailed investigations, data and information...seismogenic
structures in the near region and in the site vicinity will usually be
more important for seismic hazard evaluation”.

From the point of view of seismic safety, maximum magnitudes in excess
of 6 are possible in zones of diffuse seismicity, but magnitudes may not be too
much larger than this value. If magnitudes exceed this value, the causative faults
will likely be identified and would appear in the geomorphological, geological
and/or geophysical databases. In high seismicity regions, however, the maximum
magnitude can be increased. With expert judgement and a consideration of the
uncertainties, it can be determined whether the maximum magnitude is suitable
for ground motion evaluation. Palacoseismological approaches can provide
critical data to be used in expert judgement. It should be also taken into account,
however, that particularly at crustal intra-plate compressive settings, morphogenic
earthquakes may have a threshold magnitude of around 7 and causative faults are
usually elusive, because of the lack of diagnostic morphologies and relationships
with seismicity.

3. METHODOLOGY OF SEISMIC HAZARD ASSESSMENT
IN REGIONS OF DIFFUSE SEISMICITY

3.1. INTRODUCTION

The final goal of a SHA is to evaluate the seismic hazard at the site of
interest. This seismic hazard is, in most cases, expressed in terms of a certain
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measure of the ground motion, which is usually acceleration, but could also
be velocity or displacement. If the methodology is probabilistic, the ground
motions will be obtained for different probabilities of exceedance, a result which
is usually described in terms of a seismic hazard curve. If the methodology is
so-called scenario based SHA, the result will simply be a point estimate of the
selected measure of the ground motion.

In regions of diffuse seismicity, model parameters required to perform
seismic hazard evaluations are the same as those in regions with identified
sources. However, a difficulty in regions of diffuse seismicity is the scarcity
of data to constrain seismic source model parameters. These regions often lack
the type and amount of data needed to develop adequate model parameters.
This section is intended to provide guidance on how to assess and quantify the
necessary seismic source model parameters for regions with diffuse seismicity.

The various tasks performed in a SHA can be subdivided into subtasks as
listed in Section 3.8.

3.2. EARTHQUAKE CATALOGUE

Diffuse seismicity is generally modelled using PSHA, in which an
earthquake catalogue plays a very important role, since it constitutes the
primary, if not the sole source of information for characterizing rates of seismic
activity. The information contained in the earthquake catalogue can come from
instrumental records, historical records and from palacoseismology. Whatever the
origin of the information, all earthquakes in the catalogue need to be described
with a uniform magnitude measure (such as My,). Seismic activity rates should
be based on this magnitude type and the uniform magnitude scale should be
consistent with those used by the GMPE (see Section 3.2.2).

3.2.1. Earthquake catalogue compilation

It may be necessary to combine several earthquake catalogues, which
may often be catalogues provided by different institutions, to make a uniform
catalogue for the target area. Some international institutions provide earthquake
catalogues that can be employed either as a starting point or, if the area of interest
is not covered by any other national institution, as the only source of information.
Some examples of international catalogues follow.

The ISC compiles the ISC Bulletin, which relies on data contributed by
over 130 seismological agencies from around the world and is regarded as a
comprehensive record of the Earth’s seismicity. It contains data from 1904 to the
present, although its review processes mean that it is typically 24 months behind
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the current date. For each earthquake, the bulletin provides the information
available from all the agencies that have contributed information for that event.

The Global Earthquake Model Foundation, in collaboration with the ISC,
has developed two earthquake catalogues covering the historical and instrumental
periods, respectively. The Global Historical Earthquake Catalogue, developed by
an international consortium, spans from 1000 to 1903 and contains around 1000
earthquakes with estimated magnitudes above My, 7.0. Taking an average rate
of worldwide earthquakes with My, greater or equal to 7.0 of between 15 and 20
events per year, the number of earthquakes included in this historical catalogue is
around 7% of the estimated actual earthquakes. The instrumental catalogue was
developed by a team of international experts led by the ISC, and covers some
110 years, starting in 1900. Among its most relevant characteristics is that it is
homogeneous in location and magnitude My, estimates.

These two catalogues have a common origin to a large extent; however,
the way in which the information is provided differs in each case: the Global
Earthquake Model catalogue is expected to be employed in SHA, and hence the
information it includes and the way this is provided is orientated to that purpose.
By contrast, the ISC catalogue provides all the available information for each
event from many institutions; it is more relevant for seismological research but it
may be useful in an SHA when specific insight on some events is needed.

Another example that covers the European area is the Seismic Hazard
Harmonization in Europe (SHARE) catalogue. The SHARE European Earthquake
Catalogue, compiled in the frame of Task 3.1 of the SHARE European Project,
consists of two portions:

— The SHARE European Earthquake Catalogue (SHEEC) 1000-1899,
compiled under the coordination of the Italian Istituto Nazionale di
Geofisica e Vulcanologia, builds on the data contained in the Archive of
Historical Earthquake Data (AHEAD) [8].

— The SHARE European Earthquake Catalogue (SHEEC) 1900-2006
compiled by the GFZ German Research Centre for Geosciences. This part
of the catalogue represents a temporal and spatial excerpt of the European-
Mediterranean Earthquake Catalogue for the last millennium [9] with some
modifications, which are described in Ref. [10].

The United States Geological Survey provides information on earthquakes
worldwide immediately after they happen. It maintains the Advanced National
Seismic System (ANSS) Comprehensive Catalog. This also consists of the
Preliminary Determination of Epicenters Bulletin, the Shake Map Atlas and the
Centennial Earthquake Catalog.

12



Two issues have to be considered when combining earthquake catalogues:

(1) Magnitude/intensity scales can be different in different catalogues.
(2) The regions covered by different catalogues may overlap, requiring a
careful selection process to avoid duplication.

Guidance and recommendations for the first point will be given in Section
3.2.2. Concerning the second point, careful editing is required to avoid the
duplication of earthquakes if more than one record for the same event exists in
different catalogues. Different catalogues may provide different locations and
magnitudes for the same event. In such cases, the more authoritative catalogue
should be identified and the best justified location and magnitude should be used
in the merged catalogue.

Algorithm programming for automating the task of combining instrumental
catalogues may be feasible, but this is very complicated when dealing with
historical events that usually have large epicentral or intensity uncertainties.
In this case, the merging will most likely be done manually with the help of
graphical representations. Even in the case of instrumental catalogues, a sample
manual check should be performed, at least for larger earthquakes.

3.2.2. Uniform magnitude

Regional instrumental catalogues often use local magnitude scales. For
example, the Japan Meteorological Agency (JMA) uses the Japan Meteorological
Agency seismic intensity scale (4/;). Other countries use magnitude scales such
as the Richter magnitude scale (M), the surface wave magnitude (4£)), the body
wave magnitude (m, or mp) and Lg wave magnitude (m,,). However, all these
scales experience saturation above different levels of magnitude. In general, such
magnitudes present both advantages and disadvantages depending on the region
and/or the size of the earthquake.

The most recent and most commonly used earthquake magnitude scale is
the moment magnitude (My,) which is derived from the seismic moment (M) of
an earthquake using the following relationship (see Refs [11, 12]):

My :%(logMO —9.1) M

where M, is seismic moment in N-m.

M, = uSD (2)
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Seismic moment is defined as a product of the rupture area (S), dislocation
(D) and rigidity (1), in N-m, at the point where the earthquake occurs.
Consequently, moment magnitude reflects the physical behaviour of fault rupture
and does not saturate, unlike other magnitude scales that are mostly based on
observed amplitudes of seismograms.

As indicated above, a uniform magnitude scale should be used in the
earthquake catalogue. Moment magnitude, M, is generally used for this purpose.
It is also the preferred magnitude scale in most recently developed GMPEs.

Figure 5 shows the difference between several magnitude scales and the
moment magnitude [13]. This plot also shows the saturation problem mentioned
above for magnitude scales other than the moment magnitude. For transforming
local magnitudes into moment magnitudes, various relationships are employed
depending on the type of magnitude scale being converted and the region in
which it is used. The regional dependence is particularly evident in the case of the
Richter magnitude scale, M, which depends on the detailed procedures applied
by the institution estimating the local magnitude. M, may differ significantly
among countries and/or institutions; hence, conversion from M, to My, should be
performed carefully.

Earthquakes from historical records will often be quantified in terms of
maximum intensity, although for large earthquakes it is very likely that specific
studies estimating their magnitudes exist. As in the case of magnitude scales,
there are also several different intensity scales employed around the world.

Once the different types of magnitudes or intensities in the earthquake
catalogue have been identified, appropriate relationships need to be developed
or selected to convert other magnitude scales to the uniform magnitude scale
of choice (usually My,). The relationships should be well justified and widely
accepted for the area of interest. They should also provide a quantification of the
uncertainty, so as to allow for the calculation of the total uncertainty associated
with the final magnitudes, which will be a composition of the uncertainty
associated with the original magnitude measure and uncertainties introduced
during the conversion process.

3.2.3. Declustering catalogue

In most PSHAs, a Poissonian assumption is made at some point in the
calculation. This assumption relies on the fact that the earthquakes used for
calculating seismic activity rates are independent of one another. Identifying
independent earthquakes from other earthquakes listed in the catalogue developed
for the region requires a process called declustering.
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FIG. 5. Comparison of Earthquake Magnitude Scales (figure courtesy of Springer [13]).

Because earthquakes usually occur in clusters, they can be classified into
three main groups:

— Main shock: the largest earthquake. It is usually, although not always,
significantly larger than the rest in the series.

— Foreshocks: earthquakes occurring before the main shock, and close to it in
time and space.

— Aftershocks: earthquakes occurring after the main shock, and close to it in
time and space.

There is always a certain degree of subjectivity when cataloguing an
event as a foreshock or aftershock. While aftershock activity is quite common
following a main shock, this is not the case for foreshock activity. Foreshocks
usually span a shorter period of time than aftershocks, and there are many cases
of large earthquakes for which no foreshock activity was observed.

The two most widely employed methodologies for identifying foreshocks
and aftershocks with the purpose of eliminating them from the earthquake
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catalogue are those proposed by Gardner and Knopoff in 1974 [14] and by
Reasenberg in 1985 [15].

The Gardner and Knopoff [14] methodology consists in centering a time
and space window on the main shock, and considering all the events located
inside both windows foreshocks or aftershocks. The window sizes depend on the
main event’s magnitude. Gardner and Knopoff proposed a specific dependence
adjusted for the seismicity in California. Their values could be considered
reference values, but appropriate values adapted to the local seismicity should be
employed.

Reasenberg’s algorithm [15] allows the linking of aftershock triggering
within an earthquake cluster. Identified aftershocks can have their own
aftershocks, and all identified events are considered to belong to one common
cluster. Only the largest earthquake is finally defined as the cluster’s main shock.
Another important characteristic of this method is that the space—time distance
is based on Omori’s law, which states that the rate of aftershocks depends on the
time that has passed since the main shock.

3.2.4. Catalogue completeness

As indicated in Section 3.1, the information contained in an earthquake
catalogue can come from instrumental records, from historical records and from
palacoseismology. Because the earthquake catalogue can never be complete
for all magnitude ranges, and because the time period of interest potentially
goes back hundreds of years, if not thousands, it becomes a critical issue to
characterize the completeness of the earthquake catalogue prior to calculating
rates of earthquake activity in regions of interest. In the instrumental or historical
catalogues, completeness will vary depending on the magnitudes of earthquakes
(in an historical catalogue, large magnitude earthquakes are more likely to be
registered than smaller ones) and/or their locations (whether they have a land or
marine epicentre and occur in populated or unpopulated areas). The information
on completeness is a key parameter when calculating the seismic activity rate, as
described in Section 3.3.

When determining the catalogue’s completeness, the objective is to
establish the year after which the catalogue can be considered complete for a
given magnitude. Usually a completeness year is calculated for predefined
magnitude intervals. As expected, as the magnitude increases, the period of
completeness becomes longer.
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Methodologies for establishing completeness years can be subdivided into
two types:

— Graphical methodologies, which are the simplest and most intuitive;
— Mathematical methodologies, which require some kind of programming or
the use of an already available algorithm.

Graphical methodologies consist of visual inspections of one or more
representations of occurrence of earthquakes against time. The simplest
representation consists of plotting magnitudes against time [16]. For each
magnitude interval, the cumulative number of earthquakes is plotted against
time, and a change in the curvature is observed around the year of completeness.
The identification of completeness years involves a certain degree of subjectivity.

Mathematical methodologies (such as those of Albarello et al. [17]), on the
other hand, rely on the assumption of the stationarity of seismic processes. This
approach requires a declustered earthquake catalogue. To consider the approach,
the mean, variance or any other statistical moments should be stationary. The
point at which the stationarity is lost indicates the completeness point. The best
known methodology is that proposed by Stepp in 1971 and 1972 [18, 19].

Both methodologies can also be combined in a single hazard assessment.
Mathematical methodologies usually work better for low magnitude intervals
than for large magnitudes, for which they tend to produce very short completeness
periods. Another common assumption made in this respect is that if the catalogue
is considered to be complete for a certain range of magnitudes, it is also complete
for higher magnitudes. A graphical methodology can then be carried out to
provide results for larger magnitudes and to also be a verification of the results
obtained with the mathematical approach for the lower magnitudes.

Not only temporal completeness, but also spatial completeness should
be verified by plotting the earthquake epicentres on a map. Following these
procedures, a single coherent earthquake catalogue with a uniform magnitude
scale, including its completeness records, is compiled in the target area.

3.3. SEISMIC ACTIVITY PARAMETERIZATION

The parameterization of diffuse seismicity is discussed in paragraphs
4.31 and 4.32 of SSG-9 [1]. The traditional procedure for characterizing diffuse
seismic activity has been to use available seismic, geological and tectonic
information to construct a series of non-overlapping seismic source zones. Each
of these zones is assumed to have uniform seismicity. The discrete character of
the information in the earthquake catalogue is smoothed by uniformly distributing
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over each zone the seismic activity manifested by the earthquakes that occurred
in that zone in the past. Recorded seismic activity varies with location, but it is
assumed to be uniform over each zone. SSG-9 [1] also states in paragraph 4.28
that non-uniform distributions of seismicity can also be used, if supported by
available data. Consequently, the methodologies that forego the use of individual
seismotectonic zones are also acceptable.

3.3.1. Traditional zoned approach

The first task is to establish the geometry of the seismic source zones to be
used. Source zones should be identified for the region where, if they occurred,
earthquakes would influence the seismic hazard at the site of interest. A commonly
used reference distance for identifying seismic sources is typically 300 km, as
indicated in SSG-9 [1]. Sources capable of producing very large magnitude
earthquakes that could impact the hazard at even greater distances should also be
identified. In most cases, however, the seismic activity representing such large
earthquakes will be modelled directly with explicit faults. In regions where higher
seismicity rates are observed outside the reference distance, a sensitivity study
may need to be conducted to determine whether such seismic sources contribute
to the seismic hazard. In stable tectonic regions, the attenuation of ground motion
with distance is usually more gradual than in tectonically active regions. Hence,
in such tectonic regions, a larger reference distance may be required.

The characterization of seismic source zones can be a difficult task and it
is often the subject of controversy. It involves multidisciplinary considerations,
taking into account all the available seismic, geological and tectonic information.
When published zonation models that have already been subjected to expert
reviews or widely accepted by the scientific community are available, it might
be a good option to adopt such zonation directly or to use the models as a starting
point for the development of a new zonation.

As pointed out at the beginning of Section 3.3, the traditional methodology is
to use uniform activity rates in each zone. The seismic source zones to be defined
are expected to incorporate the seismic activity occurring along unidentified
faults. In this concept, the seismic source zones are usually constructed by
trying to find a spatial correlation between earthquake epicentres and large scale
geotectonic units. This procedure may suffer from subjectivity, resulting in zones
of different shapes and sizes depending on the analysts that perform the study. In
areas of low or medium seismicity, the task may become especially complicated.

Most crustal seismicity occurs in the upper crust. Hence, it is the one of the
critical zones to be studied. The original motivation was the apparent correlation
between the occurrence of earthquakes and geological structure [20]. The detailed
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study of these geological parameters around the studied area can introduce some
objectivity in the definition of the zones.

With regard to seismicity, it is important to determine not only epicentres,
but also focal depths within the upper crust, and to evaluate the number of events
per unit volume rather than per unit area.

The seismogenic zones can be defined as regions exhibiting similar
characteristics in both geological and seismicity parameters. Once the geometries
of the seismic source zones have been established, each zone has to be
assigned seismic activity parameters. These could be constant over each zone,
or they could vary. The two models that are used more frequently to describe
the recurrence of earthquakes in seismic sources are the GR relation [21] and
Schwartz and Coppersmith’s characteristic earthquake model [2]. The latter
focuses on identified faults with a known recurrence period; therefore it is not
considered particularly suitable for dealing with diffuse seismicity.

In 1944, Gutenberg and Richter [22] proposed a linear relationship between
the number of earthquakes that occur within each magnitude range M, + AM and
the reference magnitude M, for that range. Richter [21] modified this to employ
instead the cumulative number of earthquakes with magnitudes greater than or
equal to M, thus establishing the following linear relationship:

logN(M)=a—bM (3)

where N(M) is the annual number of earthquakes of magnitude greater than or
equal to M, M is the selected magnitude measure and « and b are the seismic
parameters to be determined for each seismogenic zone.

It can be easily derived that the annual activity rate for earthquakes of
greater than or equal to magnitude M can be obtained as follows:

N(M)=10"M 4)

In most cases, a Poissonian assumption is made at some point in the SHA,
which mathematically implies going through exponential operations. As a
consequence, it is quite common to express the previous relationship employing
the natural logarithm, which leads to the expression:

InN(M)=a — M (5)

where o and f are the new parameters to be adjusted
It is easy to see that the parameters a, b, « and S are related as follows:

a=a In 10 (6)
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B=b In 10 0

Figure 6 shows the data and the least-square fit originally presented by
Richter in 1958 [21] for Southern California, in which a =5 and b = 0.85.
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FIG. 6. Least-square fit of Southern California earthquake activity based on data from Richter
[21].

In traditional SHA, the parameters have to be fitted for each seismogenic
zone. The steps to follow are:

— Choosing reference magnitude levels, M;;

— Calculating the frequency distribution of earthquakes (annual number of
earthquakes for each magnitude, N,);

— Curve-fitting the pairs (,, M,) to obtain the a- and b-parameters in Eq. (3);

— Deciding on the range of applicability of the GR relationship obtained.

The methodology for fitting the data employed by Richter [21] was a simple
least-square fit of Eq. (3). He also considered a single time period for all the
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magnitudes. However, the cumulative event counts are not independent, hence
the least-square fit is questionable; also, the completeness of the catalogue may
be expected to differ for different magnitude levels, an aspect that needs to be
studied according to the recommendations indicated in Section 3.2.4. A number
of methodologies have subsequently been proposed and adopted to address these
limitations. In 1965, Aki [23] first raised the issue of the maximum likelihood
methods for estimating the GR b-value; Molchan et al. [24] divided the number
of events by the time interval of completeness for each magnitude interval as
a maximum likelihood estimator. In 1980, Weichert [25] proposed a maximum
likelihood estimation of the GR parameters for events grouped in magnitude
intervals with each group observed over individual time periods. More recently, in
2012, Kijko and Smit [26] proposed an extension of Ref. [23] which particularly
addressed the consideration of the use of multiple catalogues of different levels
of completeness, which is an alternative to Weichert’s solution [25].

A general recommendation is that the maximum likelihood estimator should
be employed for deriving the GR parameters. At present, the maximum likelihood
estimator proposed by Weichert [25] is very commonly employed. Irrespective of
the methodology employed for fitting the parameters, the determination of the
catalogue completeness remains a key task, as discussed in Section 3.2.4.

The GR b-parameter is commonly referred to as the GR b-value or just the
b-value. It indicates the ratio between the numbers of large and small earthquakes.
For every magnitude 6.0 event, there will be 10° magnitude 5.0 events, 10%
magnitude 4.0 events, and so on. GR b-values typically range between 0.5 and
1.5, although the range of variation is likely to be smaller within the region
examined for a specific SHA. The GR b-value is considered to be characteristic
of the tectonic environment, and hence it is common to find regional studies of
the b-value that are useful as a reference. The distribution of the GR h-values in
the region of interest is informative, and 2-D plots are helpful for visualizing the
range of h-values and the variability around the site. Examples of such plots are
presented in Fig. 7 for two different zonations.

The GR a-parameter is a measure of the rate of seismic activity and can
have very different values. Hazard results usually show a higher sensitivity to the
a-value than to the b-value. In general, there is no problem in assessing the GR
a-value, no matter the size of the zones; however, for regions with low seismicity,
the determination of the b-value can be challenging owing to the scarcity of data.
In such cases, one option may be to calculate a regional h-value with data from
several adjoining zones, or to estimate it from studies in other regions that are
thought to have similar seismicity. In any case, the criteria for the delineation of
zones should never be influenced by needs while deriving the GR parameters.

When dealing with diffuse seismicity, seismic activity can be adequately
represented in most cases with a single pair of GR parameters (i.e. a single line).
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FIG. 7. Plots of the GR b-value for two zonations of the Iberian Peninsula, courtesy of
M. Crespo.

When more than one tendency is observed, it is worth verifying whether the
completeness of the catalogue has been duly incorporated and whether suitable
magnitude measures are being used. If the deviation from a single logarithmic
line is confirmed, a bilinear GR approach can be implemented, using different
slopes for the lower and upper magnitude ranges.

When obtaining the value of the GR parameters, both a and b, a measure
of their uncertainty should also be determined. This uncertainty should be
adequately incorporated in the global SHA.

3.3.2. Zoneless approaches

In zoneless approaches, the seismic activity rate is calculated using the
declustered earthquake catalogue without delineating any seismogenic zones
over which the activity rate will be assumed to remain constant. The idea is to
allow the expression of the seismic catalogue without biasing the shape of the
activity rate function. The dependence on location has a continuous variation (as
opposed to forcing it to be constant over certain zones), while the dependence on
magnitude does not necessarily follow the GR relation.

These methodologies use non-parametric density estimation, in which
the objective is to find the density function from which a given sample derives,
without specifying a priori a specific shape for the density function, such as a
normal distribution or a Gamma one; instead, the shape of the distribution is
expected to be provided by the sample itself.
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The most basic form of non-parametric density estimation is the histogram.
The space over which the sample is distributed is divided into cells that are
usually uniform in shape and size, although this is not a formal requirement. For
each cell, the number of elements (seismic events in this case) is computed, with
the final function acquiring a constant value over each bin that is proportional
to its number of events. An example of histograms constructed with events
of a magnitude between 4 and 5 around the Iberian Peninsula is presented in
Fig. 8. As mentioned above, the concept of the histogram was introduced to the
study of seismic activity by Frankel in 1995 [27] for computing the GR a-value.
An improvement by Frankel with respect to the traditional formulation of the
histogram with step functions was to centre a smooth function that decays with
distance from the centre of the cell.

Another improvement with respect to the histogram is the naive estimation.
The method relies on centering a density function on each element of the sample
(instead of on each cell), adding up all such functions and then normalizing
their sum. The smooth function can be any unit density function. It was initially
proposed by Fix and Hodges in 1951 [28], but a more recent and very clear
description was provided by Silverman in 1986 [29]. The shape of the kernel
function and its spatial extent have to be decided by the user, as is the case for the
width of the bins in the histogram.

The mathematical definition of the density estimated with kernel functions
is as follows:

f6) =Y K
i=1

where

®)

X—Xx;
H

n is the number of elements in the sample
H  is the bandwidth, a measure of the separation between sample elements
K s the kernel function
And x; is the position of event i.
An example of kernel density estimation, constructed with the same

events as in Fig. 8 (magnitude between 4 and 5 around the Iberian Peninsula), is
presented in Fig. 9.
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FIG. 8. Histograms for events around the Iberian Peninsula with magnitude My, between 4.0

and 5.0. The bin sizes considered, from top to bottom, are 0.25°, 0.5° and 1° respectively. Image

courtesy of M. Crespo.
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FIG. 9. Kernel estimations for events around the Iberian Peninsula with magnitude My,
between 4.0 and 5.0. The kernel bandwidths considered, from top to bottom, are 0.25° 0.5° and
1° respectively. Image courtesy of M. Crespo.
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For generating a density, 4,, of the seismic activity rate, two changes are
introduced in Eq. (8):

— The normalization with respect to the number of events, 7, is omitted, thus
the result is expressed in terms of number of events.

— Each kernel function is divided by an effective period, 7, so the density of
events is expressed per unit time.

With the above two changes, the expression becomes:

x—xi]

1 n K H
)Lk(M,x):[H]Z; T(x,.) ©)

The kernel function, K, the effective detection period, 7, and the bandwidth,
H, are the three main parameters that influence the activity rate density.

The effective period, 7, ensures that the function has the desired units of
events/year, as is necessary for a seismic activity rate. Its value is such that the
total number of events of the same type, divided by the effective period, yields
the actual seismic activity rate. As noted in Eq. (9), each event can be assigned a
different effective period, 7, which makes the methodology very versatile. Typical
event characteristics on which the effective period usually depends are the event
magnitude, the time of occurrence and the type of epicentral location (onshore
or offshore, and whether the area was populated at the time of occurrence), but
other factors that affect the probability of detection can also be incorporated in
the effective period.

The resulting activity rate density, 4,, depends on location as well as
magnitude through the bandwidth, H. As can be seen, it is a summation of kernel
functions, K, placed on each event of the catalogue with coordinates x;. Each
function is weighted with an effective detection period, T;, the normalization
is achieved through the bandwidth, H, which depends on the distance between
events. The fact of dividing by H? ensures that the activity rate is in units of
events-km >-year !

Several kernel functions have been proposed for use in seismicity
modelling, specifically the Gaussian kernel, the inverse bi-quadratic kernel and a
finite kernel that vanishes at distances beyond one bandwidth. These three types
of kernels are presented in Fig. 10, although this list is not comprehensive and
other types might be possible.
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FIG. 10. Examples of unit kernel functions. GAUSS: Gaussian kernel; IBQ: inverse
bi-quadratic; FIN: finite kernel. Image courtesy of M. Crespo.

3.3.3. Hybrid approaches

As explained in Section 3.3.1, the zoned approach, in its initial formulation,
assigns constant activity rates to different zones. The delineation of zones
in areas of low seismicity involves a certain degree of subjectivity, with
different zonations being proposed by different authors for the same area. The
methodology implies stepwise jumps across the zone boundaries. Several ideas
have been proposed over the years to try to overcome these drawbacks. In 1986,
Bender [30] introduced statistical uncertainties in the epicentre locations in order
to smooth the transition of the seismic activity rate across zone boundaries. In the
same year, Veneciano and Pais [31] tried to reduce the subjectivity introduced
in the process of zone delineation by proposing a methodology in which the
zones are automatically constructed with the sole reference of the information
contained in the seismic catalogue.

Moreover, an approach that maintains some type of zonation, but
takes a zoneless approach within each zone, is applied. This is the case of the
methodology employed by the Electric Power Research Institute in 1986 [32],
in a recently superseded United States Nuclear Regulatory Commission report
issued in 2012 [33] as well as in a study by Frankel in 1995 [27].
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In the Electric Power Research Institute methodology [32], GR a- and
b-values may be allowed to vary spatially within each zone. Each source zone
is divided into rectangular cells and the likelihood function for the GR a- and
b-parameters is formulated in each cell using magnitude bins. The spatial
smoothing of the a-parameter is achieved by multiplying the observed number
of earthquakes by a normal density function. For the h-parameter, there may be
also a smoothing, or a prior estimate can be set in order to make the GR b-value
estimate less dependent on each zone.

In 1995, Frankel [27] proposed a methodology also based on the concept
of the histogram discussed above. The geographical space where the activity
rate needed to be modelled was divided into cells and the GR a-parameter was
calculated for each of these cells, while for the h-value assignment, a traditional
zonation was still used. However, since there is a continuous variation of the GR
a-parameter in space, the global seismic activity rate also shows that variation.
The dependence of the activity rate on magnitude still follows the GR relationship
of Eq. (3) within each cell. The best known application of this this methodology
is that used by Frankel [27], but others have applied it in other regions, such as in
the Iberian Peninsula [34] and the Indian Peninsula [35].

Finally, the United States Nuclear Regulatory Commission’s source model
[33] has the same basic formulation as the model of the Electric Power Research
Institute [32], but it uses penalized likelihood methodology in estimating the a-
and b-values.

3.3.4. Magnitude limits used in seismic hazard studies

The integration variables of the integral from which the target motion
rates are derived are magnitude and distance (see Eq. 10 in Section 3.6.1). The
magnitude integration limits of this integral need to be determined.

The situation is different for the lower and upper limits. The lower limit
affects only the range over which the seismic hazard results are valid, since
there is no usually doubt that low magnitude events will take place. However,
the decision about the maximum integration limit implies a judgement on the
maximum magnitude that can actually occur, and its choice will most likely have
an important influence on the hazard results of interest.

SSG-9 [1] refers to the lower magnitude integration limit in paras 5.15
and 11.17. Low return periods are mainly influenced by low magnitudes, which
have a higher mean frequency of occurrence. Hence, the choice of the minimum
magnitude indirectly fixes the lowest return period for which the seismic hazard
curve is valid. This information should be provided together with the hazard
results. The lower limit should be obtained with appropriate sensitivity analyses
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and, as indicated in SSG-9 [1], it should be determined by consulting the “seismic
designer and/or the fragility analyst.”

When deciding the lower magnitude integration limit, special attention
should be paid to the magnitude range for which the GMPE is valid, since its
use outside its applicable range can produce unrealistic, usually overestimated,
hazard results [36]. In this respect, more recent advances in GMPE development
extend the magnitude limit down to values as low as My, = 3 (e.g. Ref. [37]).

From the practical point of view, if the calculation model is correct,
extending the lower bound of the magnitude integration limit should not impact
the higher return periods, which are usually the periods of interest for nuclear
installations.

Each seismic source being used for SHA has to be assigned a maximum
credible magnitude. Hazard calculations are conducted for earthquake magnitudes
defined by the credible maximum magnitude in each source. The situation is
that there is a mathematical representation of the seismic activity rate (the GR
relation) and a decision has to be made on the validity of this representation, or,
in other words, on the maximum magnitude that the seismic source will actually
generate.

Several criteria for representing the maximum credible magnitude in the
calculation have been used over the years. It has been very common to identify the
maximum earthquake that has taken place in the region of interest and increase it
by a certain quantity (e.g. half a magnitude degree, or a full degree if it is given
in terms of epicentral intensity). Palacoseismic information, where available,
can be employed. The maximum magnitude will always be accompanied by an
uncertainty that should be appropriately incorporated in the calculations.

There are several alternative approaches for estimating the distributions of
the maximum earthquake magnitude, M, ., for distributed seismicity sources.
The first is the Bayesian procedure, which uses the prior distributions from an
earthquake catalogue that spans an extended region and that samples the largest
events that have occurred in similar tectonic environments (as described in Ref.
[38]). The second approach [39] uses the observed seismicity within a region
to provide a direct (or posterior) assessment of M, .. The Bayesian approach
is representative of a category of approaches that rely on drawing analogies to
tectonically comparable regions in order to estimate the M, for the source of
interest. These approaches are based on the ergodic assumption that one can
substitute time (the short period of observation) for space (other tectonically
similar regions). The key difference between the Kijko approach and the Bayesian
approach is that the Kijko approach does not have a prior distribution; it uses
only the earthquakes within the source of interest. The prior distribution is based
on analogies to other parts of the world and the assumption that those events
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are applicable to the estimation of maximum magnitudes within the source of
interest.

The Kijko approach is representative of an alternative category of
models that rely on the observation of seismicity entirely within the zone of
interest. Because the occurrence of M, ,, is typically rare relative to the period
of observation, these approaches assume a particular frequency distribution
of earthquake sizes and, so that they can be applied with confidence to larger
or very active regions, rely on significant numbers of observed earthquakes to
provide stable estimates.

Both the Bayesian and Kijko approaches have their advantages and
disadvantages. They both have the positive attribute that they are repeatable
given the same data and that they can be readily updated given new information.
The Bayesian approach is arguably more stable because of the use of a prior
distribution that, even in the absence of a significant number of earthquakes in
the zone of interest, can still provide a result. However, the prior distributions for
M., are developed based on analogies to other tectonically comparable regions,
which can be a source of uncertainty, and on evaluation of those regions relative
to a highly uncertain set of characteristics that are postulated to be important
to M. The advantage of the Kijko approach is that it does not require the
identification of analogue regions or assessments of the characteristics of those
regions. However, as applied, the approach relies on the assumption that the
distribution of earthquake magnitudes follows a doubly truncated exponential
distribution. Moreover, the approach does not provide stable results when the
number of observed earthquakes is low.

If the seismic activity rate does not have a predefined shape, but is calculated
considering the individual contributions of the events, as in the kernel procedure,
the maximum magnitude value is provided by the maximum magnitude included
in the catalogue. Hence, in this case, the catalogue can be supplemented with
events of larger magnitudes that are considered to be representative of the seismic
activity that probably has not been recorded in the catalogue because of its long

period or recurrence interval.

3.4. SOURCE PARAMETERS REQUIRED FOR GROUND MOTION
EVALUATION

3.4.1. Source parameters for GMPEs
GMPEs are generally used for estimating ground motions from potential

earthquakes. The ground motion values, such as peak ground acceleration,
peak ground velocity and spectral accelerations, are represented as functions of
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magnitude M and distance R along with other parameters such as site amplification
and source type. Ground motions recorded at a site are composed of source
effects, path effects and site effects. In GMPEs, the source effects are generally
represented by magnitude M and sometimes other additional parameters. In
modern GMPEs, magnitude is not usually the only source parameter. The source
category (Section 2.3) and focal depths are also considered in modern GMPEs
as additional source parameters. Distance is also preferably measured as the
shortest distance from the fault to the site, and so fault geometry determines the
distance value. The path effects are primarily expressed by the distance term R,
and sometimes by the seismic Q parameter along the path. The local site effects
are described by a site amplification factor, G. The worldwide GMPE database
edited by Douglas in 2011 [40] and the global testing results from Stewart et al.
[41] are also useful references.

Some GMPEs also include forward directivity effects caused by fault
rupture propagation [42] and hanging wall effects of reverse faults as source
and site location parameters. Care has to be taken in specifying these source
parameters when using GMPEs.

3.4.2. Source parameters for finite fault modelling

In situations where there are insufficient strong motion recordings to enable
the development of reliable GMPEs, instead of adopting and adjusting GMPEs
from other regions, ground motion simulations can be used. Especially in
tectonically stable regions and in the near-fault environment of large earthquakes,
ground motion simulations from earthquake ruptures can form the basis for the
development of simulation based GMPEs. These simulations can include the
effects of radiation pattern and forward directivity not explicitly considered
in most GMPEs that are derived from strong motion recordings. The main
parameters that are required to define a finite fault for strong motion simulation
are described in Fig. 11.

Fault size is defined by length and width. Its hypocentre, strike and dip
angles and depth to top of rupture are key parameters for expressing the positional
relationship between the finite fault and the site. Rake angle is measured from
strike direction and indicates slip direction. The radiation pattern is controlled
by the fault geometry and the rake angle, and its effects are clear at long periods
but become incoherent at short periods. The radiation pattern is smoothed out by
averaging over data in GMPEs and by the consideration of multiple earthquake
sources in PSHA.

Strike-slip faults have rake angles around 0 or 180 degrees and dip angles
close to 90 degrees. Reverse faults have rake angles of around 90 degrees and dip
angles of about 30 to 60 degrees. When the orientation of the regional tectonic
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FIG. 11. Fault plane geometry, and strike, dip and rake angles of main parameters.

stress direction is defined, strike angles of reverse faults are approximately
perpendicular to that direction and strike angles of strike-slip faults are oblique to
that direction.

Finite fault simulations of ground motions are commonly performed for
large earthquakes on identified faults in regions with mapped active faults that
intersect the ground surface. In the same regions, simulations of the ground
motions from smaller earthquakes occurring on unidentified faults that do
not break the ground surface may also be required to treat diffuse seismicity,
if it is believed that this seismicity occurs off the mapped faults. To illustrate
the co-existence of earthquakes occurring on identified surface faults and
earthquakes occurring on buried faults that may not have been identified, Fig. 12
shows fault ruptures of different sizes embedded in a crustal structure; these
fault ruptures are not necessarily located on the same fault plane. Parameter D,
defines the depth of the top of the fault, which is controlled by the strength of the
surface rock or soils; the top of the fault tends to be shallow in stable continental
regions, especially in cratons, and relatively deep in tectonically active regions.
Parameter D, defines depth of the bottom of the fault, which is controlled by the
rheology and temperature of the lower crust. The depth interval between D, and
D, is defined as the seismogenic zone, within which a rupture is able to nucleate.

Figure 12 also shows that the rupture planes of smaller earthquakes
are usually confined to the seismogenic zone, but larger earthquakes are
able to rupture into the ductile regions (not labelled) both above and below
the seismogenic zone, with slip breaking the ground surface [43]. It has been
suggested that the boundary between buried and surface-breaking earthquake
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magnitudes in Japan is My, 6.5 (M, = 7.5 x 10'® N-m) [7]. This magnitude
threshold is derived from data in active seismic regions with large identified
faults. In those regions, this suggests that even for mapped surface faults that
have a very short surface fault length, the value of the maximum magnitude of
surface faulting earthquakes may be as high as My, 6.5, if no other data (such as
seismicity, seismotectonic, palaeoseismic and liquefaction data) are available to
constrain the maximum magnitude to lower values. It also suggests that, without
data of the kinds described above, it may be difficult to exclude the possibility
of earthquakes with magnitudes as large as this threshold level occurring on
unidentified subsurface faults, which would then need to be treated as diffuse
seismicity.
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FIG. 12. Schematic diagram of buried and surface-breaking faults[43].

The parameters D, and D, depend on the tectonic environment, and need
to be defined before simulating ground motions. They are usually derived from
microseismic activity in the study region based on the upper and lower limits of
the focal depth of earthquakes. In areas of very low seismicity, the parameters
may be estimated from geophysical exploration. For example, D, may be taken
as the depth to a P wave velocity of 6.0 km/s, and D, may be taken as the
depth where the temperature exceeds the Curie point. In Japan, D, varies from
about 2 to 5 km and D, from about 15 to 20 km, based on seismic activity and
geophysical observations. The values are sensitive to the seismotectonic setting.
In the cratonic regions of Australia, earthquakes as small as M 5.5 break the
surface, indicating a very shallow D;.

In tectonically stable regions with no mapped active surface faults, the
seismic hazard for earthquakes of all magnitudes is sometimes based on strong
ground motion simulations. These simulations are performed using hypothetical,
not actual, fault models, and in this sense, they represent diffuse seismicity
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because the simulations are based on generic assumptions about the nature of
fault ruptures in the region, not on the known characteristics of active faults that
have been identified and mapped.

Figure 13 summarizes two asperity and stochastic approaches. The upper
part of the figure shows the slip distribution of an earthquake derived from
source inversion analysis. Stochastic source modelling, which is commonly used
in the United States of America, explicitly uses this complicated slip distribution.
Many fault rupture scenarios with different slip distributions are generated
stochastically from the two dimensional wavenumber spectrum of the spatially
varying slip, often using a k2 relationship for amplitude, where k is wavenumber,
based on the analysis of slip models of previous earthquakes. Hypocentres are
also randomly chosen.
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FIG. 13. Schematic diagram of stochastic and asperity finite fault models (reproduced with
permission from Somerville et al. [40]; the original spelling has been retained).

In asperity modelling, which is mainly used in Japan, a simple fault
model with rectangular asperities with a large slip (and strong ground motion
generation area [4]) is derived from the complex slip distribution of source
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inversion results using a procedure for identifying asperities [43]. In this
approach, many fault rupture models with different number, location and size
of asperities are generated and used in simulations. The characteristic source
model is a simplified representation of the real source rupture, but the simulated
ground motions are validated against recordings of recent large earthquakes in
Japan and elsewhere; this is effective in modelling forward directivity effects.
Forward directivity effects can generate large ground motions even in moderate
earthquakes; for example, a peak ground acceleration over 1g was observed in
an M 6.1 earthquake in December 2004 at the K-NET HKDO020 station, a hard
sediment site in Rumoi, Hokkaido, Japan [44]. This indicates the relevance of
fault rupture modelling for identified faults, and suggests that it should also be
considered in the case of diffuse seismicity.

3.5. GROUND MOTION EVALUATION

To evaluate ground motions at a site, previously recorded ground motion
data provide an important frame of reference. Ideally, ground motion information
would include data from earthquakes with approximately the same magnitude
and fault mechanism recorded on similar site characteristics with similar
source-station geometry. However, especially in regions of diffuse seismicity,
adequate strong ground motion data from past large earthquakes do not exist.
Such information can be derived from global strong motion databases or from
appropriate site specific strong motion simulations. The expected levels of ground
motion from possible future earthquakes may therefore need to be estimated
largely using simulations.

3.5.1. GMPE and site response considerations

GMPEs provide initial estimates of ground motion characteristics that can
be expected at a site from a specified scenario earthquake.

The applicable ranges of magnitude and distance in the GMPEs are
controlled by the database. Since GMPEs employ different distance definitions,
such as epicentral distance, Joyner and Boore distance, and so on, care has to be
taken in using them for ground motion evaluation.

Ideally, local GMPEs that reflect the local seismotectonic setting at the site
should be used, since GMPEs are region specific. In addition, local site conditions
have a significant impact on ground motion levels, which is why most GMPEs
are specified for a given site condition or have site condition as a variable.
Adjustment of GMPEs from a site condition to the conditions observed at the site
of interest may result in more reliable estimates with residual differences between
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the observed values and those predicted by GMPE, although the estimates may
not fulfill the requirements of a site specific ground motion study. Further, the
appropriateness of GMPEs based on data that are from outside the site region of
interest should be studied by comparing GMPE predictions with available data
from the site or site region.

3.5.2. Strong motion simulations

Ground motion simulation based on fault rupture modelling is used for
directly estimating the ground motions for scenario earthquakes in scenario based
SHA, and for generating ground motions in situations where few strong motion
recordings are available.

The applicability of GMPEs is limited by the distribution of magnitude,
distances and site conditions contained in the databases from which they are
constructed. In order to reduce these limitations, especially in tectonically
stable regions or in the near-source region of specific fault geometries, ground
motion simulations can be used to augment the recorded data using procedures
that have been validated against relevant recorded ground motions. Simulations
can be performed for many different rupture propagation scenarios and many
different geometrical relationships between the site and the fault, thereby helping
to reduce the limitations in the recorded strong motion database. Especially in
tectonically stable regions and in the near-fault environment of large earthquakes,
ground motion simulations from earthquake ruptures can also form the basis for
the development of simulation based GMPEs. However, uncertainties may arise
when it is necessary to apply simulations to earthquake magnitudes and source
site geometries that lie outside the conditions for which it has been possible to
validate them against recorded data. Such simulations have been used in several
tectonic environments, including in stable continental regions and near-source
regions [45]. Examples of the application of these kinds of simulations are
provided in Section 3.6.3 and 4.2.

3.5.3. Comparable scenario recordings

An alternative to the use of GMPEs based on strong motion recordings is
to find the upper bound from the spectra of the compilation of strong motion
recordings of comparable earthquakes, that is, earthquakes that are categorized
as diffuse seismicity in the appropriate tectonic setting. In Japan, this category
has sometimes been defined on the sole basis of an upper magnitude threshold
(e.g. in Ref. [7]) combined with a lack of field evidence for surface rupture in the
event. A more complete definition of diffuse events would include consideration
of whether the event occurred on an identified fault, regardless of whether it
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broke the ground surface. The advantage of this approach, which is usually used
in situations where few recordings are available, is that it provides for a detailed
consideration of all of the available recordings, which contain aspects that
reflect source rupture processes, propagation path effects and local site effects.
This approach is particularly important in the near-fault environment where
recordings are sparse but have important implications for the largest ground
motions that are expected from a maximum earthquake magnitude. The spectra
of the recordings may be used as a reference for establishing the design spectrum.
However, a single record does not have the largest amplitudes at all periods, and
there might have been larger amplitude ground motions at locations where there
were no recording stations. Moreover, larger earthquakes may have happened
in the past or may be possible in the future. To accommodate these concerns,
spectra of several different earthquake events and different site conditions are
considered for hazard evaluation. The collection of source, path and site effects is
required before combining records from the different events, because the records
vary with the earthquake source, path and site conditions.

An example of this kind of design spectrum in Japan is shown in Fig. 14.
On the left panel, dashed lines are response spectra, after site corrections, of
seven observed ground motions from worldwide earthquakes that occurred on
unidentified faults. The red line shows a design spectrum that envelopes the
observed spectra (this spectrum is known as Kato’s Spectrum) [46]. The right
figure shows site corrections of the design spectra [47]. Since Japan is located
in one of the most seismically active regions, the largest earthquake records
from unidentified faults are used to define minimum design spectra. This kind

— — T T
[ Horizontal h=0.05
| Component 1

| h=0.05

Pseudo Velocity Response (cm/s)
S
Pseudo Velocity Response (cm/s)

.......... Vs=0. 7Tkm/s 4
——-—~| Vs=1.0km/s
1 R Vs=1. 5km/S-—_
5/ — Base Rock 3
0ol o1 1 10 o o ’

" Period (S) Period (S)
FIG. 14. An example of a design spectrum that envelopes recorded near-fault spectra from

worldwide earthquakes that occurred on unidentified faults (left, My, 5.6—6.6, distance to fault
3—17km) and its site corrections (right) [46].
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of observation based design spectrum can be used as a minimum requirement for
addressing diffuse seismicity.

This approach differs from the GMPE approach, in which the model
provides a direct estimate of the ground motion level, including its median
expected value and random variability. In that sense, the GMPE provides a more
rigorous estimate of the expected ground motion level. However, in situations
where data are sparse, which may include stable continental regions and the
near-fault environment in tectonically active regions, the GMPE approach may
be subject to a large degree of uncertainty. In these situations, there may be some
advantage to be gained by using the analysis of a global set of recorded spectra
as described above. The main shortcoming of this approach is that it does not
provide a clear methodology for assessing the uncertainty in the ground motion
estimate.

In Japan, My, 6.5 or larger represents the largest diffuse earthquake
magnitude because the area is tectonically very active. In applying the approach
to other regions, the maximum magnitude of diffuse seismicity should be based
on expert judgement using historical, tectonic and palacoseismological evidence.
Appropriate recorded ground motions should be selected from worldwide
databases to define a minimum design spectrum.

3.6. HAZARD ASSESSMENT
3.6.1. Probabilistic SHA

In probabilistic SHA, the annual frequency of exceedance is calculated by
integrating the contributions from all faults or seismic sources as follows:

Faults

P(s)= Z [fff(m}(f’(SA > s’m.r)P(r|m)dmdr)i. (10)

= myr

where

fim) is the probability density function for rate of events of
magnitude m1;

P(S4>sim,r)  1is the probability that spectral acceleration, S4, exceeds a
specified level for a given magnitude m and distance 7;

P(rjm) is the probability that the source to site distance is 7, given a
source of magnitude m.

38



The location of diffuse seismicity sources and the sizes of the maximum
earthquakes that are assigned to it are important for PSHA, but their influence on
the calculated ground motions is not as strong as in scenario based SHA. This is
because the ground motion hazard contains contributions from earthquakes of all
magnitudes occurring on all of the earthquake sources that can affect the site, and
those contributions take account of the random variability in ground motion level
for a given earthquake magnitude and distance. Three reasons for the relative
insensitivity of probabilistic SHA to the characterization of diffuse seismicity,
compared with the case of scenario based SHA, can be identified. Some of the
critical parameters needed to conduct a probabilistic SHA are described below.

3.6.1.1. Maximum magnitude

In regions of very low seismicity, when the largest earthquakes have
recurrence intervals that are much longer than the time period of interest, then
the hazard is dominated by earthquakes whose magnitudes are less than the
maximum magnitude that is assigned to the seismic source. While the selection
of the maximum magnitude is important and may have a significant impact on
the hazard, it is less critical than in the case of scenario based SHA, but the
frequency of occurrence of smaller earthquakes becomes important.

3.6.1.2. Source location

Probabilistic SHA takes account of earthquakes occurring on all of the
earthquake sources that can affect the site, including both nearby and distant
sources. In regions where the identified seismogenic structures are located at
some distance from the site, the diffuse seismicity in the region around the site
is commonly represented by a zone of uniformly distributed seismicity, and the
probabilistic SHA contains contributions from the whole zone surrounding the
site, not just from the part of the zone that is closest to the site. Consequently,
the precise location of the zone, which in the scenario based approach may be
specified by the shallowest depth of the zone beneath the site, has less impact in
the probabilistic SHA approach.

3.6.1.3. Epsilon

Epsilon is defined as the fractional number of standard deviations by
which a given ground motion level differs from the median ground motion level
that is predicted by a GMPE or by a ground motion simulation procedure for a
specified earthquake magnitude and closest distance. In probabilistic SHA, the
seismic hazard is integrated over the random distribution of ground motion level.
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Consequently, the ground motions from a distant source can potentially exceed
a given ground motion level at a site more often than the ground motions from
a nearby source, if the distant source has more frequent earthquakes than the
nearby source. This may be true even if the distant and nearby sources have the
same maximum magnitude. This is because the larger frequency of earthquakes
on the distant source may give rise to the random occurrence of high epsilon
values more often than the infrequent earthquakes on the nearby source. In
scenario based SHA, epsilon is usually assigned a fixed value (such as 0 for the
median level or 1 for the 84" percentile level) that is the same for all earthquake
sources, and so earthquake frequency is not a consideration, and the outcome is
controlled solely by the combination of magnitude and distance that gives the
highest ground motion level for a fixed value of epsilon.

3.6.2. Scenario based SHA

In scenario based SHA, the hazard level is controlled solely by the
combination of magnitude and distance that gives the highest ground motion
level for a fixed value of epsilon. Consequently, in scenario based SHA, although
the seismic hazard level is independent of the rate of the seismicity because it
uses a fixed value of epsilon, it is extremely sensitive to the maximum magnitude
and location of the diffuse seismicity, for the reasons described in Sections
3.6.2.1-3.6.2.3.

3.6.2.1. Maximum magnitude

In scenario based SHA, the ground motion hazard level from diffuse
seismicity is usually controlled by the magnitude of the largest earthquake
that is expected to occur in the diffuse zone that lies closest to the site, and no
consideration is given to how infrequently an earthquake of that magnitude can
occur. Consequently, the seismic hazard is very sensitive to the selection of the
maximum earthquake magnitude.

3.6.2.2. Source location

In scenario based SHA, the ground motion hazard level from diffuse
seismicity is usually controlled by the proximity of the maximum magnitude
event to the site. Consequently, the seismic hazard is very sensitive to the
location of the diffuse seismicity with respect to the site. The proximity may be
controlled by the shallowest depth of the diffuse seismicity, and the seismicity
may be assumed to occur directly beneath the site, even though the probability of
occurrence of such an event may be very low.
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3.6.2.3. Epsilon

In scenario based SHA, epsilon is usually assigned a fixed value (such as
0 for the median level or 1 for the 84th percentile level), and the frequency of
occurrence of the earthquake is not a consideration. The hazard level is controlled
solely by the combination of magnitude and distance that gives the highest
ground motion level for a fixed value of epsilon.

3.6.3. Simulation based probabilistic SHA

Empirical GMPEs are most frequently used for evaluating ground
motions in probabilistic SHA (PSHA) because of their ease of use. However,
they are subject to a large degree of random variability due to source dependent
randomness and fluctuations caused by path and site effects. From recent
damaging earthquakes, it is clear that source conditions such as the locations
of asperities and the hypocentre result in large variations in ground motions,
particularly in the near-source region. Ground motions estimated by fault rupture
modelling naturally include these source effects, and also have the advantage
of generating waveforms from which any kind of ground motion parameter can
be derived. Ground motion simulations are usually used in a limited number of
scenarios, but they have also been applied in PSHA [48]. Fault rupture modelling
for SHA is expected to provide more site specific and realistic estimates of the
hazard than those which are obtained by using empirical GMPEs, if the source
and fault parameters are known.

Figure 15 shows an example of randomly generated earthquake fault rupture
scenarios. Each fault has an individual source rupture scenario with an asperity
source model. This kind of calculation can also address two other situations:
one in which mapped surface active faults are very short and the magnitude of
the maximum earthquake is uncertain, and another in which smaller magnitude
diffuse earthquakes associated with an identified active fault need to be evaluated.

In order to provide a realistic representation of variability in the simulated
ground motions, it is important to use appropriate distributions of the random
values of the parameters that control the rupture scenarios. It is especially
important to avoid the double counting of correlated parameters, because this
results in the accumulation of a large and unrealistic degree of random variation.
The Appendix explains how these results are used to estimate ground motions
with a specified probability of exceedance.
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FIG. 15. Randomly generated fault rupture scenarios around a site (image courtesy of the
Japan Nuclear Energy Safety Organization (JNES)).

3.7. TREATMENT OF UNCERTAINTIES

Uncertainty in the evaluation of ground motion consists of epistemic
uncertainty and aleatory variability, as described in SSG-9 [1]. The following
subsections form a practical description of both types; the combination and
distinction of both types needs to be considered.

3.7.1. Epistemic uncertainty

Epistemic uncertainty is uncertainty about the true state of nature.
Therefore, alternative models are mutually exclusive. Examples of epistemic
uncertainty are the length and dip angle, slip rate and maximum magnitude of
a fault, and the relationships between earthquake source and ground motion
parameters embodied in GMPEs. Epistemic uncertainty can, in principle, be
reduced by gathering data. Whenever these uncertainties are large enough to
have a significant impact on the calculated seismic hazard level, consideration
of all the viable alternative models is required. For nuclear installation projects,
epistemic uncertainty is reflected in a range of viable models, multiple expert
interpretations and statistical confidence (see SSG-9 [1]) to weigh the alternative
models. Epistemic uncertainty gives rise to uncertainty in the true value of the
mean hazard, as shown in Table 1.

42



TABLE 1. PARAMETERS THAT DESCRIBE EPISTEMIC UNCERTAINTY
AND RANDOM VARIABILITY IN SHA

Random (aleatory) variability

Central value
of central value

Best estimate Median (u) Sigma (o)

Epistemic uncertainty in true o, G,
value of best estimate (standard
error of best estimate)

Treatment of epistemic uncertainty occurs outside the hazard integral to
probabilistic SHA. In both scenario based and probabilistic SHA, logic trees
with appropriate weights are used to address the epistemic uncertainty, which
is represented by alternative models. In probabilistic SHA, median and fractiles
of the resulting hazard curves can be developed in addition to the mean hazard
curve. The fractiles of the hazard show the uncertainty in the true value of the
mean hazard for a specified annual probability of exceedance. The usual practice
is to use the mean response spectrum, but higher fractiles may be used in risk
based assessment.

3.7.2. Aleatory variability

Aleatory (random) variability is event-to-event variability about a median
value. Alternatives exist together. Examples include the depth and rupture area of
an earthquake of a given magnitude, and the variability in ground motion level
recorded at stations located at the same distance from the same earthquake. It
cannot be reduced by gathering more data, although additional data may provide
more accurate quantification, which is performed by measuring the standard
deviation of the random variations in data sets. Aleatory variability causes the
hazard level to increase with increasing return period. It does not necessarily give
rise to uncertainty in the true value of the mean hazard.

In probabilistic SHA, aleatory variability in ground motion level is treated
by integrating over the random variation in epsilon (the number of standard
deviations away from the median level) of the GMPE within the hazard integral.
This is automatically included in the hazard curves produced by probabilistic
SHA. Additional random variability in ground motion levels due to random
variations in hypocentre location is used in the modelling of rupture directivity
effects, which depend on the location of the hypocentre. In scenario based SHA,
aleatory (random) variability is treated differently: it requires a policy decision
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on ¢ (the number of ¢ away from the median) used to define the ground motion
level.

The treatment of aleatory variability can change as more information about
an earthquake source becomes available, or as more predictive variables are
included in GMPEs. For example, GMPEs did not originally consider hanging
wall effects, which are now known to cause spatial variations in ground motion
levels recorded at the same distance from an earthquake. Variability in ground
motion level previously considered to be random can now be properly attributed
to hanging wall effects, and skilful inclusion of a hanging wall term in the GMPE
will result in reduction of that component of aleatory variability and reduction
in the overall level of aleatory variability. However, if the site is located on the
hanging wall of the fault, the median value of the ground motion may increase
owing to hanging wall effects.

Another advance in the treatment of aleatory variability is the estimation of
single station sigma, which is the random variability in ground motion level that
is observed at a single recording site [49—52]. Single station sigma is found to be
significantly lower than the total sigma that is conventionally used, because total
sigma includes the station-to-station variability in site response for a specified
source category (as defined by the average shear velocity down to 30 m, V5, or
a geological site classification). Since the focus of SHA for nuclear installations
is on a single site, single station sigma is potentially highly relevant to nuclear
installations, and the measurement of single station sigma at the site should be a
high priority at any nuclear installation, and could also be used in site selection.

From recent damaging earthquakes, it has become clear that random
variations in source conditions such as the locations of asperities and the
hypocentre result in large variations in ground motion levels, particularly in
the near-source region. Ground motions estimated by fault rupture modelling
naturally include the effect of source conditions, and provide waveforms from
which any desired ground motion characteristics can be derived. Fault rupture
modelling for scenario based SHA is quite feasible because it requires the
modelling of relatively few scenarios, and provides more realistic ground motion
estimates than are available from GMPEs. It is also feasible in PSHA [48],
although it requires large computational resources.

The parameters used in such ground motion simulations have individual
distributions that need to be appropriately modelled by a median value and its
standard deviation. Fault rupture modelling involves the use of many different
source parameters. If the standard deviation of each parameter is overestimated,
or if the relationships between the different parameters are not considered, then
a very large degree of random variability may accumulate. Simulations with
appropriate modelling of parameters should correspond to evaluations using
GMPEs and to observed data. As mentioned above, Fig. 15 shows an example of
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randomly generated earthquake fault rupture scenarios. Each fault has a different
rupture scenario represented by an asperity model. The resulting ground motions
should be tested against GMPEs and observed data.

When fault rupture models are used to estimate ground motions, the total
uncertainty is partitioned in a manner that is different from the epistemic-aleatory
partition [53]. Modelling uncertainty, measured by the difference between
recorded and simulated ground motions, represents the discrepancy between
the actual physical processes and the simplified representation of them in the
model [54]. Parametric uncertainty represents the uncertainty in the values of the
model parameters in future earthquakes [54]. The total uncertainty is obtained
from the combination of these two components. These two different partitions of
uncertainty are represented in matrix form in Table 2.

TABLE 2. PARTITION OF UNCERTAINTY IN GROUND MOTION
PREDICTION MODELS [52]

Epistemic (o, 0,) Aleatory (o)

Modelling o,: Uncertainty in the true bias 0,,: Unexplained scatter due to
of the model physical processes not included in the
o, : Uncertainty in estimate of o, model

Parametric o,: Uncertainty in median values o,: Event-to-event variation in source
of source and path parameters and path specific parameters of the
o, : Uncertainty in probability model

distributions of parameters

In 2013, Cotton et al. [55] pointed out that the variability of stress drop
strongly affects the distribution of simulated ground motions, and that the random
variability in stress drop derived from source studies results in larger random
variability in ground motion level than is present in observed ground motion
data and GMPEs. Further study on the random variability of stress drop that is
appropriate for fault rupture modelling is required to reduce the unrealistically
large variability of ground motion levels that they may produce.

Fault rupture modelling to address random variability in probabilistic SHA
is less feasible because it requires the modelling of many scenarios, but it has
been done in research-based applications [48].
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3.8. COMPARISON OF METHODOLOGIES

In this section, different approaches to performing a PSHA are compared.
The comparison is not comprehensive, but tries to highlight the main aspects that
can help with the understanding as well as the selection of the methodology.

As indicated in Section 3, the various tasks performed in an SHA can be
divided into the following groups:

(1) Compilation of the seismic catalogue;

(2) Construction of the seismic source model;

(3) Selection of appropriate GMPEs and/or simulation approaches;

(4) Combination of the seismic source model and the GMPEs or the simulation
approach;

(5) Derivation of the hazard.

The main differences between the methodologies for performing a PSHA
are in the way that the seismic source model is constructed and how the seismic
activity is translated into ground motion by means of a GMPE or by performing
simulations. There may be also some differences related to point (1) above,
namely the information needed for each event in the catalogue or the operations
to be performed on it.

Concerning the catalogue, there is some basic information that is needed
for each earthquake listed regardless of the methodology, such as the location and
magnitude of the earthquakes. Uncertainties for each of these parameters should
also be documented, but the way in which they are incorporated in the calculation
varies for each methodology. When employing the GR relation, all the event
uncertainties within a zone (or a cell, in the Frankel approach [27]) are translated
into two uncertainties, mainly those associated with the GR a- and b-parameters.
Additionally, not all computational codes allow for the incorporation of such
uncertainties. In this case, the only way to account for them would be via a logic
tree approach. However, in cases where each event contributes independently to
the construction of the activity rate, uncertainties on the location and magnitude
are incorporated on an event-by-event basis, allowing the corresponding variables
to adopt a certain probability distribution around the values in the catalogue.

The homogenization of the catalogue in terms of the chosen magnitude (see
Section 3.2.2) or its declustering (see Section 3.2.3) are activities common to all
methodologies. The extent of effort also varies in seismic source characterization
depending on the choice of either zoned or zoneless approaches. In the zoneless
approach, a decision on the model parameters that control the spatial extension
of each unit function has to be made. Similarly, in the hybrid approaches, both
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seismic source characterization and seismic model parameterization smoothing
functions need to be determined.

Finally, in the hybrid approaches, the size of the cells into which the space
is divided is also an element of decision. Generally, the selected cell size is much
smaller than the typical distance covered by the smoothing functions so its impact
on the results is much smaller than the size of the smoothing function.

When constructing the seismic activity rate, the completeness years are
needed and only those earthquakes that occurred after these years are considered
for the computation of the GR a- and b-parameters. However, when the seismic
source is constructed as a sum of individual contributions from the events, no
event should be discarded. This is because the elimination of certain events would
result in a loss of information on the spatial distribution of the seismic activity.

In the selection of the maximum magnitude for a seismic source, the
earthquake catalogue may need to be supplemented with additional events in
diffuse seismicity regions, because large magnitude earthquakes may not be
represented well in the catalogue, but this can be adjusted using geological and/or
palacoseismic studies. The selection of the minimum magnitude for integration is
common to all the methodologies.

4. EXPERIENCES IN SEISMIC HAZARD ASSESSMENT
FOR DIFFUSE SEISMICITY

4.1. UNITED STATES OF AMERICA

This section describes representative approaches that have been developed
and applied in the USA'. Some aspects of these approaches may be specific to
the tectonic conditions within the USA and to the kinds of data that are available;
hence, they may not be generically applicable. They are provided to illustrate
the choice of methodologies available for use. The following summary is drawn
from the Central and Eastern United States Seismic Source Characterization
(CEUS-SSC) study [33].

In SHA, diffuse seismicity is represented by distributed earthquake sources,
using either source zones or a zoneless approach (Section 3.3). In regions of

! This section is based on Ref. [30]
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low seismicity, patterns of diffuse seismicity are defined from generally small
to moderate magnitude earthquakes that have occurred during a relatively short
(i.e. relative to the repeat times of large events) historical and instrumental
record. Therefore, the locations of future events are not as well constrained by
the locations of past events as more seismically active identified seismotectonic
structures are.

SHA studies employed in the USA for nuclear installations generally use
a truncated GR relation with variable a- and b-values within each designated
seismic source. A degree of spatial smoothing is also applied. The spatial
smoothing operation is typically based on calculations of earthquake recurrence
within one quarter degree or one half degree with allowance for correlation
between the cells. Both a- and b-values are allowed to vary, but the degree of
variation is optimized so that bh-values vary little across the study region. A
balance is struck between variations in a-values that are too sharp, reflecting a
reliance on the exact locations and rate densities of observed events that is too
strong, and variations that are too smooth, reflecting an unwarranted belief that
the observed record does not provide a spatial constraint on rate density variation.

The seismicity is modelled using a dense grid of point sources for
magnitudes below a certain threshold. Above that magnitude threshold, the
seismicity may be modelled by a dense grid of lines or planes, which requires
some assumptions about the strike and style of faulting of the earthquakes. The
depth distribution of the seismicity is described in the established source models.
Geological, geophysical and seismicity data from the site region may be used to
further constrain the depth of seismicity.

In the remainder of this section, the implementation of these approaches
in the central and eastern USA is described. This is an intra-plate region
characterized by a low to moderate level of seismic activity. In the CEUS SSC
study [33], two categories of earthquake sources are considered. The first is
repeated large magnitude earthquake (RLME) sources identified based on well
defined evidence for Late Quaternary or Holocene RLMEs. The second category
comprises background zones, which cover all other areas without any identifiable
fault sources. Some of the RLME sources are treated as seismotectonic structures,
and characterized by slip rates and recurrence intervals on identified faults,
but others are treated as distributed seismic source zones representing diffuse
seismicity.

RLME sources and background zones are parts of the unified source model.
The background sources are further split into two separate source types: M, .
zones and seismotectonic sources. The M, zones model involves the assumption
that there is limited information about the seismic sources in the region and only
limited tectonic information is used to define the region. The CEUS study region
is subdivided according to whether or not there is evidence of Mesozoic and
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younger extension (with associated uncertainties in the location of the boundary).
In this model, the spatial variation of recurrence parameters is based on spatial
smoothing of observed earthquakes. The spatial smoothing is typically done
over one quarter or one half degree cells. The maximum magnitude assignments
follow a process described in Section 3.3.4.

The seismotectonic source portion of the model includes several sources
developed using current knowledge of geological characteristics. Differences
in the style of faulting, strike of ruptures and depth distribution of future
earthquakes are accommodated in the seismotectonic model. The model also
accommodates any differences in maximum magnitudes determined based on the
largest observed earthquakes in each zone or its global equivalent.

The weights assigned to the M, zone and seismotectonic zone branches
reflect the relative preference for the alternative approaches to characterizing the
future spatial and temporal distribution of earthquakes and their characteristics,
given the available data for the CEUS. The two models are quite similar in many
respects. They both include RLME sources as independent sources defined by
palacoseismic evidence for the size and recurrence rate of RLMEs. Moreover,
both allow spatial variation of recurrence parameters by smoothing within
seismic source zones. The key difference between the two models is in their
ability to include and represent information related to the characteristics of future
earthquakes. The M, ,, zones model is based on average or default characteristics
that are representative of the entire study region, whereas the seismotectonic zones
model can include information that allows for an assessment of spatial variations
of future earthquake characteristics at a scale that is appropriate to a regional
SSC model. While many of the characteristics of the seismotectonic zones are
uncertain, such as the locations of the source boundaries and the characteristics
of future earthquake ruptures, they are still judged to provide a better description
of the applicable source characteristics and are given a higher weight in seismic
hazard calculations. The CEUS model is used as a starting point for all seismic
hazard studies of nuclear power plants (NPPs) in the central and eastern USA.

4.2. JAPAN

In Japan, particular attention has been paid to seismic issues in the location,
design and construction of NPPs, because of high seismicity. A former regulatory
guide issued by the Atomic Energy Commission in 1978 [56] required the
formulation of two levels of design basis ground motions (DBGM), i.e. S1 for
the maximum earthquake and S2 for the extreme case; the latter was used for the
seismic design of important safety related structures, systems and components.
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The Nuclear Safety Commission revised the guide in 2006, integrating S1
and S2 into a single level (known as the DBGM Ss). In detail, the 2006 guide
[57] and a 2013 regulatory guide issued by the Nuclear Regulation Authority [58]
required that the DBGM Ss should be determined by considering the following
two types of ground motions, ‘site-specific ground motions formulated by
specifying seismic sources’ and ‘ground motions formulated without specifying
seismic sources’. This treatment is comparable with the consideration of the two
types of seismic sources in the IAEA Safety Guide SSG-9 [1] as described in
Section 2.1.

In the case of inland crustal earthquakes, there are always some seismic
sources that are difficult to identify in advance, even by implementing detailed
surveys (e.g. geomorphological survey by using aerial photographs or geological
field survey). By using the seismogenic source model (e.g. Ref. [7]), inland
crustal events are classified into three categories as shown in Fig. 16. Category
I earthquakes are those whose ruptures are always confined in the seismogenic
layer, e.g. in blind faults. Category II earthquakes are those with short fault traces,
which are therefore more likely to be overlooked. Category Il earthquakes are
those with clear fault traces which can be identified in advance. Category I and
category 1l earthquakes are the target events without specifying seismic sources
in Japan.

Category I Category II Category 111
Blind faults Faults with short trace Faults with clear trace

(—%

Fault length

Magnitude

(a) (b)

FIG. 16. Source categorization and targeted crustal earthquakes (Category I and Il). (a)
Categorization of crustal earthquakes based on the seismogenic layer model. (b) Relationship
between fault length and magnitude.

By collecting near-source strong motion data recorded from inland crustal
earthquakes and analysing the identifiability of their sources based on geological
surveys, in 2004 Kato et al. [46] proposed a response spectrum (known as
Kato’s Spectrum, see Section 3.5.3) as the upper level of strong motions for
earthquakes whose sources it is difficult to specify in advance. Kato’s Spectrum
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has been used by utilities to develop the DBGM Ss to meet the requirement of
considering ‘ground motion evaluated without specifying seismic sources’. The
so-called upper level, however, is challenged by the stability problem because
of the limited availability of the observation data at the time. It is necessary to
re-examine its validity against new observation data.

In contrast to the deterministic method applied by Kato et al. [46], the Japan
Nuclear Energy Safety Organization (JNES) proposed a probabilistic approach to
address the development of ground motions evaluated without specifying seismic
sources [59, 60]. In the works, they generated many combinations of a few dozen
fault models and a few hundred site locations, and simulated ground motions by
using the fault modelling method. From the simulated ground motions, seismic
hazards such as uniform hazard response spectra (UHRS) were assessed as
shown in the Appendix.

4.3. EUROPE

This section describes different approaches to SHA for nuclear installations
that have been applied in different countries in Europe (for instance, France,
Germany and Switzerland). The example cases provided are certainly not
exhaustive, and other European countries might have used similar or different
approaches depending on the regulatory framework of the country.

4.3.1. France

In France, the seismic risk for nuclear safety is guided by a site specific
deterministic approach. The full methodology is published and accessible on the
web site of the French Safety Authority [61]. The deterministic methodology is
based on the selection of seismic scenarios. The methodology can be summarized
in six main steps:

(1) Determine the seismotectonic zonation, based on geological and
seismological criteria; each zone is considered to have a homogeneous
seismic potential.

(2) Estimate of the characteristics of the historical and instrumental events
that occurred in these seismotectonic zones. It is assumed that historical
earthquakes are likely to reoccur in the future, with an epicentre in the most
penalizing position for the site of interest.

(3) Retain, for the considered site, one or more events that produce the most
penalizing effect (in terms of intensity at the site). In other words, the
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events are moved inside the zone they belong to as close as possible to the
site, and they constitute the maximum historically probable earthquake.

(4) Associate a safe shutdown earthquake to each maximum historically
probable earthquake, which is obtained by increasing the maximum
historically probable earthquake magnitude by 0.5 corresponding to an
increase of 1 degree in intensity.

(5) Perform a site effect study to characterize geotechnical and geological
material properties. The methodology distinguishes two site classes using
the V5, parameter, and models the geology as a 1-D structure. In case of
site effects due to geometrical and/or rheological configurations, a specific
study has to be performed.

(6) Evaluate the seismic motion (mean acceleration response spectra) related
to the safe shutdown earthquake using an attenuation relationship (in
France, the attenuation relationship of Berge-Thierry et al. [62] is used).
The attenuation relationship predicts, for a magnitude and distance couple,
a pseudo-acceleration value for a frequency range, accounting for the site
condition (rock or soil).

If any credible palaeoseismic evidence exists near the site, the associated
seismic motion at the site has to be assessed, and compared to the safe shutdown
earthquake motion. Finally, the methodology requires the verification of the
level of the safe shutdown earthquake and palacoseismic events with respect to
a minimal response spectrum (defined for the two soil conditions) with a peak
ground acceleration set at 0.1g. The minimal response spectrum is an envelope
spectrum of two: a large event of 6.5 magnitude located at 40 km from the
site, and a local one of magnitude 4.5 at 10 km from the site. This minimal
reference is used to design structures in cases where the seismic hazard is
assessed as very low. This minimal level was introduced in order to conform
with TAEA recommendations (section 2.10 and 2.11 of SSG-9 [1]) and to reduce
inconsistencies in the assessment of hazard in low seismicity areas.

The application of this methodology by different experts can lead to
different analysis results. This fact is clearly related to the interpretation of
the data and the way in which final hypotheses are chosen with respect to the
uncertainties. Each step of the methodology is then crucial, and the first two are
particularly so. These are seismotectonic zonation and characterization (in terms
of intensity, magnitude, and depth) of known seismicity, because they contribute
to the choice of the site reference scenarios.

Owing to limited knowledge of probable active structures, and especially
to the lack of a clear correlation between earthquakes and identified faults,
the modelling of seismic motion in the framework of regulation is simplified.
The simplification corresponds to considering (a) the seismic source as a point
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source; (b) the seismic energy through a single parameter, which is the magnitude;
(c) the wave propagation through a single parameter, which is the distance;
and (d) the site geotechnical characteristics through a site coefficient valid only
for 1-D geometry. The seismic motion is then evaluated using an empirical
attenuation relationship. It means that complex source effects due to the extended
fault plane are not explicitly accounted for. Baumont et al. [63] studied this
topic, considering a case in France of a well identified seismic source to which
historical and instrumental earthquakes are clearly associated and testing this
simplification. The performed tests exhibited a reasonable conservatism of the
approach with respect to scenarios accounting for all source complexities (e.g.
extended source, broadband dislocation on fault, focal mechanism, variable
rupture velocity and directivity effects).

Local site effects are accounted for in the methodology by a site coefficient
in the strong motion attenuation relation prediction. This approach is valid only
for simple geometry sites, i.e. sites presenting only vertical rheological shear
wave velocity variation. Based on the V5, parameter, two site categories are
defined: rock sites with a V5, greater than 800 m/s, and soil sites with a V5,
between 300 m/s and 800 m/s. The methodology stipulates that for low velocity
sites (e.g. lower than 300 m/s) and for complex site geometries (e.g. 2-D and/or
3-D), a specific site study is required.

4.3.2. Germany

In Germany, according to the national regulation for the design of NPPs
against seismic events [64], a deterministic (scenario based) SHA and a PSHA
have to be performed. The applied scenario based approach is in compliance
with the recommendations in SSG-9 [1] and is similar to the French approach. In
practice, the PSHA follows the traditional approaches to diffuse seismicity using
seismic source zones. Uncertainties have to be considered in both approaches.
The final results in terms of response spectra from the scenario based hazard
assessment and the PSHA have to be compared. Possible differences between
both results have to be explained, before the final elastic design spectrum for
an annual probability of 107 is determined. Besides the evaluation of ground
motion in terms of response spectra for the site, a design intensity also has to be
evaluated. Owing to the parallel use of magnitudes and intensities, in practice,
empirical GMPEs as well as intensity based attenuation equations are used. In
some studies, an evaluation of strong motion registrations is used in addition to
GMPEs to calculate response spectra for controlling earthquake scenarios. In
cases where significant site effects are expected, soil dynamic calculations are
performed in addition to the seismic hazard calculation to increase the precision
of the response spectra. Furthermore, a disaggregation analysis is needed.
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4.3.3. Switzerland

In Switzerland, the regulation was changed from the deterministic
approach to a fully probabilistic approach in 2009 [65]. Their probabilistic
safety assessment (PSA) includes a PSHA, a probabilistic evaluation of seismic
fragilities and an analysis of earthquake accident sequences. For vibratory ground
motions caused by earthquakes, a detailed probabilistic assessment is required.

In order to address this regulatory requirement, Swiss NPPs have taken
part in the Probabilistic Seismic Hazard Analysis for Swiss Nuclear Power
Plant Sites (PEGASOS) [66] and in the PEGASOS Refinement Project [67].
These studies are based on a systematic expert assessment of all available data
and models integrated into a logic tree approach. A key aspect of the studies
was the systematic quantification of the aleatory variability and epistemic
uncertainty in seismic hazard at the four Swiss NPP sites. The main components
of the project organization consist of five technical subprojects: (1) seismic
source characterization, (2) ground motion characterization, (3) site response
characterization, (4) hazard computation and (5) earthquake scenario development.

5. TESTING PROBABILISTIC SEISMIC HAZARD
ANALYSIS RESULTS

5.1. INTRODUCTION

Checking the consistency of PSHA results is important given the high
uncertainties in SHA and the importance of PSHA results for seismic design. In
recent years, increasing efforts have been devoted to assessing the reliability of
PSHA results, different kinds of procedures have been tested and many papers
have provided useful information on this topic. In 2008, the OECD Nuclear
Energy Agency, in cooperation with the IAEA, organized a workshop on Recent
Findings and Developments in PSHA: Methodologies and Applications [68]. The
main objective was to review recent research and regulatory and industry issues
associated with PSHA. Two main recommendations were addressed:

(1) It is very important to undertake consistency checks, which provide
valuable information even though a consistency check is a lesser standard
than a validation. Guidance on consistency checks should also be a major
part of any broader PSHA.
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(2) Using Bayesian updating methods can be important and further PSHA
work (both research work and applications) in this area is to be encouraged.

The main objective of this section is to give an overview of approaches for
testing PSHA and examples of how these tests can be used to adjust PSHA model
parameters in order to better reflect what is expected from historical and recent
seismic observations. In principle, seismic hazard curves are empirically testable,
but in practice, the data required for such tests are difficult to acquire. Which
kind of testing procedure is eventually found to be the most appropriate depends
on the available data and the objective of the test, in addition to the kinds of tests
that are permitted.

In the last decade, several approaches to the testing of PSHA results
have been published. Several recent opinion papers encourage hazard analysis
to carry out tests (e.g. Refs [69, 70]) and several applications have been made
in different countries (France, Italy, New Zealand, USA). The techniques rely
on various statistical assumptions. Any testing technique has to address the
observation time window that is available. Considering the observation time
window in seismology (~100 years maximum for instrumental networks, and
several centuries for historical data), testing at the return periods of interest in
engineering seismology can be very difficult. PSHA models can be evaluated
using different types of observations, such as intensities, ‘synthetic’ accelerations
(converted from intensities or predicted from an earthquake catalogue), true
accelerations recorded at instrumented sites or maximum observed acceleration
levels based on precarious fragile structures [71-75]. Figure 17 illustrates the
observations available for testing different parts of the hazard curve.

Low rate periods (<100years) - test against

‘ Return periods of interest for conventional building

\ (<500years) - test against intensities

Large return periods of interest for conventional
building (<500 years) - test against intensities

Annual rate of exceedance

Amplitude of ground motion

FIG. 17. Diagram illustrating how available observations can be used to constrain different
parts of the hazard curves.
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5.2. METHOD FOR TESTING PSHA ESTIMATES AGAINST
OBSERVATIONS

Ordaz and Reyes [76] published the first study to compare a hazard curve
with observed rates of peak accelerations in 1999. It focuses on a single site
in Mexico City (the ‘Ciudad Universitaria’ station), which has been recording
continuously since 1962. The empirical hazard curve is built directly from the
numbers of the accelerations recorded above various thresholds at the site since
the station was installed. The number of observed exceedances is divided by the
time interval of observation (35 years), which gives the empirical annual rates of
exceedance. These observed rates are superimposed on the hazard curve obtained
by applying classical probabilistic methodology, and the fit is evaluated visually
(Fig. 18). At first glance, the observations and predictions at the station look
rather consistent. However, the observation time window at the site is only 35
years, and for such a short time window, the good fit between predictions and
observations might be a coincidence. The limitations due to short observation
time windows at individual sites can be reduced by considering several sites
(sampling in space). Most techniques proposed to test PSHA estimates rely on
this approach, and are introduced below.

In 1995, Ward [77] demonstrated that the length of observation time
intervals can be expanded when considering several sites and sampling in

T=0 (PGA)
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>
=
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1 10 100 1000

Sa (cm/sec?)
FIG. 18. Observed rates superimposed to the probabilistic seismic hazard curve, for peak

ground acceleration, at the Ciudad Universitaria station in Mexico City (reproduced with
permission from Ordaz and Reyes [76]).
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space. Thus, the consistency of a PSHA model with observations is evaluated,
assembling all observed data at several locations.

Stirling and Petersen [78] and Stirling and Gerstenberger [79] proposed
a similar approach to that of Ordaz and Reyes [76] using simple statistical
techniques to compare the PSHA predictions with observed data and evaluate
their consistency with the PSHA estimations. Following the method proposed by
these authors, at one site, for a given acceleration threshold (g,), a PSHA model
provides its mean annual rate of exceedance (4,). The mean expected number of
exceedances is obtained by multiplying the rate times the length of the observation
time interval (4,f;)). Accelerations at a site are assumed to occur according to a
stationary Poisson process. The Poisson distribution, fully defined by its mean,
provides the probability of observing a given number 7 of accelerations above
the threshold g:

At;) e

P(n)= % (11)
where ¢, is the time window at site / with an annual rate of exceedance 4; given
by the PSHA model. The authors defined the following simple statistical test:
If the observed number falls within the tails of the distribution, defined by the
percentiles 2.5 and 97.5, the observations are considered consistent with the
model. The sites are far enough apart that they can be considered independent
in terms of ground motion exceedances. As the sum of independent Poisson
processes constitutes a Poisson process, the total number of exceedances observed

over all sites is compared to the distribution defined by the following mean:

N iotal = Z)ﬁti (12)

sites

In 2009, Fujiwara et al. [80] considered a large set of strong motion
sites covering the whole of Japan. The comparison they proposed aims at
compensating for short observation time windows by sampling densely in space
(~1000 stations). They proposed comparing the probabilistic estimates with the
observations in the form of instrumental JMA intensities. They considered the
time period from 1997 to 2006. The probabilistic estimate was calculated for the
period 1997-2006 (time dependent hazard). They counted how many stations
experienced an intensity higher than a given intensity level during that decade,
and divided by the total number of stations. Observed ratios of exceedance were
obtained for different 7,,, levels (5 lower, 5 upper, 6 lower and 6 upper). Then,
for a given intensity level, they compared this observed ratio with the mean
probability of exceeding the intensity level calculated over all probabilities
obtained at the locations of the instrumented sites. K-NET stations experiencing
a similar rate of probability of exceedance with a calculated probability of
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exceedance of intensity (PSHA map) are shown in Table 3. The values are quite
close, and the authors conclude that the prediction and the observations are
consistent. This study uses a dense network of stations (sampling in space) to
compensate for the short time windows of observation at individual sites. The
test is the first attempt to use strong motion data to test PSHA estimates in Japan.

TABLE 3. RATIOS OF NUMBER OF STATIONS WITH AT LEAST ONE
EXCEEDANCE (OBSERVATIONS) AND AVERAGE PROBABILITY OF
EXCEEDING A CERTAIN /,,, LEVEL AS CALCULATED THROUGH THE
PROBABILISTIC STUDY

(reproduced with permission from Fujiwara et al. [80])

Ratio of K-NET stations PSHA map (all meshes)
>5 lower 0.232 0.21
>5 upper 0.099 0.077
>6 lower 0.029 0.021
>6 upper 0.006 0.0028

In 2008, Labbé [81] introduced a method that tests a seismic hazard
map produced by a PSHA against historical seismicity in the region covered
by this map. The method does not consist of directly comparing accelerations
with intensities, but of comparing two values of the seismic risk in the region.
On the basis of the European Macroseismic Scale (EMS98) [82] the seismic
risk is defined as the annual probability that a conventional masonry building
experiences damage of at least grade 2 or 3 (according to the EMS98 definitions).

The first risk value is calculated on the basis of the statistical treatment of
historical seismicity in France, including more than an hundred isoseismic maps.
For this purpose, metropolitan France is divided in territories of approximately
homogeneous seismic activity. The second risk value is calculated by the
convolution of the hazard map with fragility curves of conventional masonry
buildings. These fragility curves were established in the framework of the
Risk-UE research project [83].

Three different maps of seismic hazard of France were processed. The
author concluded that a first map corresponded to an overestimate of the risk
by a factor of 10, a second map to some degree of overestimate, while the third
to a slight underestimate. In 2010, Labbé [84] repeated the exercise on the basis
of new fragility curves published by Rota et al. [85]. Basically, the conclusions
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drawn in 2008 were confirmed, although with some slight differences. The
method is applicable in any region with well known historical seismicity. It
requires that appropriate fragility curves of conventional historical buildings are
available.

In 2008, Albarello and D’Amico [86] proposed a method called the
counting method which makes use of the binomial distribution, a stochastic
process that can result in two outputs: a success or a failure. First, the common
longest available time window for the strong motion sites has to be identified.
Second, a probability of exceedance is chosen. Albarello and D’Amico selected
a 10% probability of exceedance over a 30 year time window (the time life of
68 strong motion stations). Therefore, one value of the probabilistic hazard curve
is tested: the acceleration corresponding to 10% probability of exceedance in
30 years. This ground motion level naturally varies depending on the site.

The method relies on the assumption that the occurrences of ground
motions at the sites belong to one unique stochastic process. In other words, the
occurrences of ground motions larger than a certain threshold during a given time
window are realizations of the same stochastic variable. The binomial distribution
is a discrete probability distribution that describes the number of successes in
a sequence of n experiments (or trials). Each experiment can result either in
success (exceedance of the ground motion target g,) or in failure (the level g, was
not exceeded during the observation time window). If » stations are considered,
then n is the number of trials. Under a binomial distribution, the probability of
getting /N successes from # trials is:

P(n=N)=[;];JN(]—P)"'_N (13)

and where

s 1s the number of trials;
and p is the probability of success at each trial.

Albarello and D’ Amico in 2008 [86] also proposed another approach based
on the calculation of likelihoods of observations under the assumption that given
models are true. In their application for Italy, 13 out of 68 instrumented sites
experienced a ground shaking higher than the predicted threshold (corresponding
to 10% probability of being exceeded at least once in 30 years). The likelihood of
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the observations under the PSHA model can be calculated by the multiplication
of the individual probabilities to have experienced a success at 13 sites, and a
failure at 55 sites. This calculation can be carried out for different possible PSHA
calculations, corresponding to different branches of a logic tree. The model
yielding the highest likelihood value is identified as the best fitting PSHA model.
This method provides the relative evaluation of different PSHA models instead of
evaluating the absolute fit of one PSHA model with the observations.

L—[ 11 p(ngo)]*{ [T (1-rle=g) (14)
13 exceedance 55no exceedance

The largest L value implies the best consistency of the PSHA model with the
observed data.

5.3. UPDATING METHODS TO IMPROVE ROBUSTNESS OF PSHA

Testing of PSHA is done as a check of whether the results of a PSHA appear
to be realistic in comparison to what is expected from known historical and recent
seismicity. If the hazard for the tested recurrence interval is much higher or lower
than observed data, it suggests that the PSHA model is most likely inappropriate
for the selected region. In this case, the test against observed data can be used to
calibrate the PSHA model, e.g. by re-evaluating the epistemic uncertainties using
Bayesian updating techniques. In recent years, several researchers have proposed
an innovative approach that may be used to better address the uncertainties,
and allow PSHA to become more robust and consistent with observations
[87, 88]. Two examples of the comparison between the initial and updated PSHA
prediction models using hazard curves are provided in Figs 19 and 20.

The different approaches discussed in this subsection provide the means
to investigate the order of magnitude and robustness of the hazard results. At
present, there is no preferred approach or recommendation of which method
to use. All of the discussed approaches have limitations and their applicability
depends on the information available and on boundary conditions. Nevertheless,
the importance of such tests should to be considered to improve the reliability of
the PSHA results.
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FIG. 19. Hazard curves for initial PSHA model and the updated model using the Bayesian
technique (reproduced with permission from Viallet et al. [87]).

t_':

S 03 9

-
- £-]
x s
A 02 K‘?{Q LEGEND
< s

=
8 e‘g‘ cg@uesis Prior model
2 0.1 Q??
M - Posterior model
0 9000y
0.1 0.2 0.3 0.4 Conf. Int (16th-84th) for Posterior model
PGA 9]

FIG. 20. Hazard curves from prior and posterior PSHA models using observed data through
Bayesian inference (reproduced with permission from Selva and Sandri [88]).

6. SUMMARY AND OUTLOOK

In this report, a general guideline is proposed to evaluate seismic hazard
caused by diffuse seismicity. The report starts with characterization of diffuse
seismicity, and methodologies used in hazard assessment are introduced.
Methodologies are carefully selected to match the seismic environment and
available information in the target area. Some examples of SHA relating to
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diffuse seismicity are described in different seismotectonic settings with different
methodologies. They may provide useful information to evaluate seismic hazards
caused by diffuse seismicity in other target areas.

Aspects of diffuse seismicity are controlled by seismic activity in the target
area. In high seismicity areas, the effect of the identified fault is dominant in SHA
and the maximum possible magnitude of diffuse seismicity is usually considered
to be the lowest limit of identified earthquakes. However, in many stable
continental areas, large earthquakes have not been recorded in historical data or
palaeoseismological surveys. Therefore, diffuse seismicity is area dependent to
some extent. Suitable methodology and parameters should be adopted for each
area.

The evaluation of uncertainties for assessing seismic hazard is of great
importance. Further studies are encouraged for reducing epistemic uncertainty
through a good understanding and modelling of aleatory variability.

As mentioned above, the problems of assessing seismic hazard of diffuse
seismicity are as follows:

— How to evaluate seismicity, and source parameters that are suitable for the
target area,
— How to reduce uncertainties.

As for the first problem, the difficulty is the limited time span of our
knowledge of seismicity. Modern observations began only a hundred years
ago. The oldest historical literature is a few thousand years old. This is not long
enough to compare the recurrence periods of damaging earthquakes. To cover
this weakness, palacoseismological surveys are expected to provide further
information.

To solve the problem of uncertainties, much more observation and
exploration are required. Extensive studies are needed to understand the nature of
seismic events. Observed records and models of earthquake sources and velocity
structures have to be accumulated. Advanced classification between epistemic
uncertainty and aleatory variability of parameters might be a breakthrough to
reduce uncertainty. Refining methodologies are also required for the purpose.

The evaluation of seismic hazard on diffuse seismicity is a quite ambitious
undertaking owing to large uncertainties for individual seismotectonic
environments. As recommended in SSG-9 [1], available information has to be
considered to as great an extent as possible in the evaluation. Recent international
practices and state of the art knowledge have been introduced in this report.
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Appendix

PROBABILISTIC SEISMIC HAZARD ANALYSIS USING
MONTE CARLO SIMULATION AND FAULT RUPTURE MODELLING
FOR SEISMIC HAZARD ANALYSIS IN JAPAN

The content of this appendix has been contributed by JNES.

A.1. INTRODUCTION

Because of the high seismicity in Japan, particular attention is paid to
seismic issues in the siting, design and construction of NPPs. For example, in
light of the 1995 Kobe earthquake as well as following a decade’s accumulation
of high quality strong motion observation, the NSC revised the guide in 2006,
integrating S1 and S2 into a single level (the DBGM Ss). More detail can be
found in Section 4.2.

As introduced in Section 4.2, Kato’s spectrum had been used to develop
the DBGM Ss without specifying seismic sources. However, JNES proposed a
probabilistic approach to address the development of ground motions evaluated
without specifying seismic sources [89]. This appendix summarizes the PSHA
implemented by JNES, which applies Monte Carlo simulations to generate
earthquake occurrences as well source characterization for targeted regions,
it evaluates ground motions by using the fault modelling method and assesses
seismic hazards such as UHRS.

This appendix summarizes the PSHA implemented by JNES, which applies
Monte Carlo simulations to generate earthquake occurrences as well source
characterization for targeted regions; evaluates ground motions by using the fault
modelling method; and assesses seismic hazards such as UHRS.

A.2. CATEGORIZATION OF INLAND CRUSTAL EARTHQUAKES AND
TARGET CATEGORIES

According to the regulatory guides, three types of earthquakes, e.g. inland
crustal earthquakes, interplate earthquakes and oceanic intra-plate earthquakes,
are required to be taken into account to develop the DBGMs. In contrast to the
inland crustal events with a long recurrence period, subduction zone earthquakes
in Japan have a relatively short recurrence period and have been instrumentally
well observed, enabling the identification of their sources.
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In the case of inland crustal earthquakes, there are always some seismic
sources that are difficult to identify in advance even when implementing detailed
surveys (e.g. geomorphological surveys using aerial photographs or geological
field surveys).

A.3. METHODOLOGY OF THE JNES APPROACH

In addition to the development of a probability model of earthquake
occurrence with fault traces, this approach features the implementation of Monte
Carlo simulations for earthquake location and fault/asperity distribution as well
as ground motion simulation by using the fault modelling method.

As shown in Fig. 21, this approach consists of the following four steps:
(a) seismicity parameter characterization; (b) Monte Carlo simulations for
earthquake generation (including uniform distribution of seismic sources and
fault parameters for the sources); (c) strong motion simulation and (d) hazard
curve calculation.

A.4. SEISMICITY PARAMETER CHARACTERIZATION
A.4.1. Seismotectonics and regional characteristics in Japan

There are at least three plates in the Japanese archipelago and the
surrounding areas: the Pacific Plate, the Philippine Sea Plate, and the continental
Eurasian Plate. The Pacific Plate approaches the Japanese archipelago from the
cast-south-east at a speed of 8 cm annually, whereas the Philippine Sea Plate is
approaching the archipelago from the south-east at a speed of roughly 3—7 cm per
year; both are subducting under the continental plate. The Japanese archipelago
is hence experiencing compression in an east to west direction.

Distinctly, most of the active faults in northern Japan are identified with a
reverse sense of slip and run in a north to south direction, whereas those in western
Japan usually have a lateral sense of movement and run in a north-east—south-west
or north-west—south-east direction (Fig. 22(a)). Focal mechanism solutions show
similar characteristics (Fig. 22(b)). Maps of detailed seismotectonic provinces
have been proposed based on the information of tectonic geomorphology and
geology, characteristics of active faults, seismicity and so on [90]. Those maps,
however, are usually too localized to evaluate reliable seismicity parameters.
JNES divided the Japanese archipelago into six regions and focused on the North,
Kinki, West and Kyushu regions. For example, the seismicity parameters in an
area of 314 km? for the North region can be characterized as shown in Eq. (15).
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log o N (M > m)=2.325—0.9846m (15)
where N is the number of earthquakes with magnitude larger than m.
A.4.2. Occurrence model for earthquakes with surface rupture

By defining a probability distribution Py which characterizes the
occurrence probability of earthquakes of magnitude m with surface ruptures

(SR), JNES constructed the probability model of occurrence for earthquakes of
category I and II as follows:

Pyonsr (M) =1— Peg (m) (16)
In Monte Carlo simulation, this can be realized by defining a certain level
of surface deformation as the threshold such that those source models with the
calculated maximum surface strain exceeding the threshold value are discarded.
Given the source models (which are to be characterized later), the distribution

of surface strain can be readily calculated by using theoretical methods
(e.g. Ref. [91]). Figure 23 shows that the threshold of the maximum surface

m B B B EEREBERO

100 -
80 |
60 |
40 |

20

Surface Rupture Probability ( %)

1.5 8

FIG. 23. A probability model (thick black line) for the occurrence of earthquakes with
surface rupture (fault traces). The squares indicate the data from field investigations. Two
candidate models in terms of the maximum surface strain of 10~* (dashed line) and the surface
displacement of 20 cm (dashed dotted line), respectively, are plotted for comparison.
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strain 5 x 107° fits well the results of previous studies which analysed the surface
rupture probability based on observation data (e.g. Refs [92, 93]).

A.5. MONTE CARLO SIMULATIONS
A.5.1. Simulation of spatial distribution

JNES used the Monte Carlo approach to simulate a random distribution
of 1000 events for each magnitude in a target area (a total of 25 magnitudes of
5.5 <M; <74 at 0.1 increments). Note that JNES does not apply this approach
to generate synthetic catalogues, which are helpful for targeting a wide-region
hazard map (e.g. Ref. [94]) but inefficient for a site specific PSHA, since a single
catalogue is sufficient to characterize the seismicity parameters in this case. The
seismicity rate y for a certain magnitude m is calculated from the GR relation for
a certain magnitude relation (using equation 1 for an area of 314 km?) as follows:

}/(m):(N(Mzm)—N(M2m+0.1))><% (17)

where S is the area of the target regions.
A.5.2. Source parameter characterization

Following the procedure recommended by the Headquarters for Earthquake
Research Promotion [95] in Japan, JNES determined the values of source
parameters necessary for the fault modelling method. The source parameters
are usually divided into two types: the outer fault parameters, which include the
magnitude of the earthquakes and the geometry of the faults, and the inner fault
parameters, which consist of the locations and sizes of the asperities (or strong
motion generation areas), the stress drops and so on. JNES applied the Monte
Carlo approach to simulate the observed pulse-like signals that the asperities /
strong motion generation areas tend to concentrate in the centre of the rupture
area. Note that the asperity / strong motion generation area location in the depth
direction is constrained by the surface strain threshold of 5 x 107, To take into
account the uncertainties in the fault parameter determination, the parameters of
the dip angle, the location and size of asperities / strong motion generation areas
are also allowed to vary in a certain range. Table 4 shows an example of fault
parameters determined for an A; 6.8 earthquake.
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TABLE 4. EXAMPLE OF MAIN PARAMETERS USED FOR THIS STUDY

Estimates
Fault parameters Units
Small Average Large

Magnitude (Mj) 6.8
Width of the fault W 26.27 km
Length of the fault L 12.24 km
Rupture area 321.54 km?
Seismic moment (M) 7.25 x 10" N'm
Length of asperity | 6.55 7.66 8.63 km
Width of asperity | 4.96 5.81 6.54 km
Area of asperity [ 32.49 44.50 56.44 km?
::;ﬁg }mmem of 158 x 10 217x10%  2.75x 10 N'm
Slip value of asperity | 147.1 147.1 147.1 cm
Length of asperity 11 4.18 4.89 4.89 km
Width of asperity 11 4.18 4.89 5.51 km
Area of asperity II 17.47 23.91 30.36 km?
2:;?;; E“’mem of 626107 8.56x10"7 1.09 x 10"7 N'm
Slip value of asperity 11 108 108 108 cm
Stress drop of asperities 19.676 14.38 11.331 MPa
:rlzg of the background ;) 5 253.13 234.74 km?
Moment of the 5.04x 10" 422x10% 341 x10% N'm
background area
Slip value of 56 50.4 439 cm
background area
Stress drop of the 2.593 2.065 1.658 MPa

background area
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A.6. Ground motion simulation

The DBGM is determined at the free ground surface of an outcrop or
a hypothetical outcrop, which is referenced to the in situ layer specified by a
shear wave velocity of no less than 700 m/s according to Japanese regulatory
guides [57]. To take account of site response for ground motion simulations,
construction of a site specific underground structure model characterizing
parameters of the ground velocity structure between the reference layer and the
seismic bedrock is needed. As Table 5 shows, the model is usually horizontally
layered using the thickness, density, seismic wave velocities and Q values of
each layer. Using the characterized source models established above, ground
motions were simulated using the revised stochastic Green’s function method
[96]. Figure 24 shows the calculated response spectra with 5% damping from the
simulations conducted for the M, 6.8 earthquakes (a total of 1000 events). The
variation of simulated ground motions is larger in the longer period range. This
occurs because the fault rupture propagation effect is larger at long periods than
at short periods, and the larger the earthquake, the longer the period of the ground
motions that are affected.

TABLE 5. UNDERGROUND STRUCTURE MODEL FOR THE KINKI
REGION

]()n?th to top Thi(crl;r)less ](?(:;rs:l%] v, (mis) V. (mis) 0.
10 34 2.6 3700 1450 16.7
44 86 2.6 4300 1760 16.7
130 500 2.6 4600 2200 16.7
630 770 2.6 5130 2800 50.0
1400 2800 2.6 5310 3100 50.0
4000 — 2.7 6270 3600 50.0

By counting the number of calculated spectra that exceed a value of y
at a period of 7, the following formula was used to estimate the probability of
exceedance of ground motion y for an M;= m event which is not a Category III
earthquake:
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N(Y >y|m)

PY(T)23lm) === (18)

where N, (m) is the total number of events simulated for a specific
magnitude m.
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FIG. 24. Examples of simulated ground motions calculated as (a) horizontal and (b) vertical
response spectra. Colour spectra are ground motions within a very short distance (images
courtesy of the Japan Nuclear Energy Safety Organization).

A.7.  Seismic hazard assessment

By assuming a Poisson model, the annual probability P (Y > y) of
exceedance of a specific ground motion y is given by:

P(Yzy):l—exp(—v(Yzy)) (19)

where o(Y > y) is the annual frequency of exceedance of the specific level y and
can be calculated as follows:

V(Y2 y)=> (1= Pg(m,))y (m) P(Y = yIm,) (20)
for magnitude m; (ranges from 5.5 <M; <7.4 at 0.1 increments).

Figure 25 shows the comparison of the hazard curves of the annual
probability of exceedance in two periods for the four regions. Figure 26 plots the
UHRS at annual exceedance probabilities of 107, 1074, 10 and 107,
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FIG. 25. Comparison of seismic hazard curves. (a) Hazard curves for ground motions of the
period of 0.1 second; (b) Hazard curves for ground motions of the period of 0.2 second (images
courtesy of the Japan Nuclear Energy Safety Organization).

A.8. Discussion

The above results are comparable with those of a previous study
implemented by JNES [60]. The previous study applied the fault modelling
method to simulate the ground motions generated at many evaluation points by
considering 40 scenario earthquakes and assuming that the distribution of many
blind faults around the evaluation point is equivalent to the distribution of many
evaluation points around the fault. This assumption holds well for the effects of
rupture directivity. However, the Monte Carlo approach not only works well at
treating the effects of rupture directivity but is also able to take account of the
variability of the fault parameters, such as the location and the size of the asperity.

Japanese utilities have been using the Kato spectrum to develop the
DBGM Ss to meet the requirement of considering ground motion evaluated
without specifying seismic sources. These probabilistic results show that the
Kato spectrum at short periods is between the UHRS of the annual exceedance
probability of 10~* and 107, It is believed that such a level of DBGM is sufficient
to ensure that the core damage frequency will not exceed 10~ / reactor-year.
Moreover, given that a safety goal of core damage frequency is defined, the
DBGM could be reversely developed using the probabilistic method.

This method can be applied to any region as long as the underground
structure at the site is well investigated and the seismicity parameters in the
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target region are well defined. Without sufficient data, reliable estimation of the
seismicity parameters is usually difficult in low seismicity areas. This difficult
situation could be improved in the future as more progress is made in instrumental
observation as well as in historical and/or palaecoseismological surveys. An
alternative is to include the seismicity data of neighbouring regions that are
assumed to be under similar seismotectonic conditions. The Flinn-Engdahl
regionalization scheme [97] is such an example.

A9 Conclusions

To address the development of DBGM using ground motions evaluated
without specifying seismic sources, a probabilistic method combining the Monte
Carlo simulation with the ground motion simulation method was proposed. The
determination of the occurrence of the target earthquakes and the characterization
of the seismic sources are realized using the Monte Carlo approach. Ground
motions are then evaluated by applying the fault modelling method. Seismic
hazards, including the annual exceedance probability curves and the UHRS, are
calculated by statistically analysing the estimates of ground motions.
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Annex
EXAMPLES OF AVAILABLE DATA

The appendix presents examples of data for seismic hazard analyses that
was publicly available as of the end of 2015.

A-1. SEISMIC CATALOGUE

The following sources provide useful information for compiling a seismic
catalogue.

— International Seismological Center (ISC)Instrumental catalogue: Year 1900
to present, location and My,
Global historical earthquake catalogue: Year 1000-1903, M, > 7.0,
800 earthquakes.

— Harvard earthquake catalogue: Year 1976 to present.

— USGS (United States Geological Survey)
ANSS comprehensive catalog: Year 1973 to present (issued monthly)
Centennial catalogue: Year 1900-2008, M < 5.5 (1964 to present),
M < 6.5 (1930 to present), M <7.0 (1900-).

— JMA (Japan Meteorological Agency)
Instrument catalogue: Year 1923 to present, M > 2.0, location and M,.
Utsu catalogue for Japanese earthquakes: Year 1885-1925, M > 6.
Usami catalogue for Japanese earthquakes: Year 416 to present,
M <5 (1900 to present), M < 6 (1600 to present), M <7 (700 to present).

A-2. SEISMIC SOURCE MODEL
If the catalogues are not sufficient, local micro seismicity catalogues will
be required. Such information requires a dense high sensitivity and broadband
observation network such as:
— High-NET, National Research Institute for Earth Science and Disaster

Prevention (NIED), Japan;
— Norwegian Seismic Array (NORSAR).
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If geometrical parameters of source rupture are required for constructing
seismic source models, moment tensor database are available from the following
organizations.

— The Global Centroid Moment Tensor (CMT) Project
— Incorporated Research Institute for Seismology (IRIS)
— USGS, USA

— JMA, Japan

— F-NET, NIED, Japan

When setting source parameters referring to past large earthquakes, the
following source rupture databases are useful:

— Pacific Earthquake Engineering Research Center (PEER);

— Finite-source rupture model database (SRCMOD);

— Seismo Note, Nagoya University (NGY), Japan (year 2007 to present);

— Earthquake Information Center (EIC) Seismological Notes, Earthquake
Research Institute (ERI), University of Tokyo, Japan (year 1996-2007).
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ANSS

CEUS

DBGM

GMPE

GR

HERP

ISC

IMA

INES

NPP

PSA

PSHA

RLME

SHA

UHRS

LIST OF ABBREVIATIONS

Advanced National Seismic System

Central and Eastern United States Seismic Source Characterization
design basis ground motion

ground motion prediction equation
Gutenberg-Richter relation

Headquarters for Earthquake Research Promotion
International Seismological Centre

Japan Meteorological Agency

Japan Nuclear Energy Safety organization
nuclear power plant

probabilistic safety assessment

probabilistic seismic hazard analysis

repeated large magnitude earthquake

seismic hazard assessment

uniform hazard response spectra
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conditions, and a common and integrated technical
framework for acceptance criteria and capacity
evaluation.
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