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FOREWORD
IAEA Safety Standards Series No. SSG-9, Seismic Hazards in Site
Evaluation for Nuclear Installations, issued in 2010, covers all aspects relating
to seismic hazards. One of major revisions in SSG-9 is a recommendation to
use fault rupture modelling for ground motion simulation in cases where nearby
faults contribute significantly to the seismic hazard for nuclear installations.
The overall process of the methodology is described in SSG-9; however, more
detailed guidance was desired by Member States.
At a donors meeting of the International Seismic Safety Centre’s
Extrabudgetary Programme (ISSC-EBP) in January 2011, it was decided to
develop detailed guidelines under the project on seismic hazards. Two months after
this decision, the Great East Japan Earthquake and Tsunami of 11 March 2011
occurred. The fault length and width of slip were more than 400 km and 200 km,
respectively. Hence, the point source assumption at the hypocentre was not
applicable. Ground motion estimation is the key issue in the seismic hazard, and
is estimated with empirical ground motion prediction equations (GMPEs). The
GMPEs were determined by the statistical analysis of observed records; therefore,
they are reliable in the area where many observations were recorded. However,
in the area closest to the rupture fault, the records were quite rare, and the rupture
process of the fault strongly influences the characteristics of the ground motion.
The ground motion simulation based on fault rupture modelling is therefore more
appropriate than using GMPEs in the short distance from the fault rupture.
The purpose of this publication is to provide the state of the art and current
practices of ground motion simulation based on fault rupture modelling, in order
to support Member States in implementing the provisions of SSG-9 in seismic
hazard assessment and reassessment for nuclear installations.
The detailed guidelines and practical tools presented here will be of value
to researchers, operating organizations, regulatory bodies, vendors and technical
support organizations in the areas of seismic hazard evaluation of nuclear
installations. The information will be of great importance in support of post
Fukushima hazard assessments.
The contributions of all those who were involved in the drafting and review
of this publication are greatly appreciated. K. Irikura (Japan) is acknowledged
for his leadership in the project and C.J. Wu (Japan) for his leadership in the
development of this publication. The IAEA officer responsible for this publication
was Y. Fukushima of the Division of Nuclear Installation Safety.
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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.
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1. INTRODUCTION
1.1. BACKGROUND
This Safety Report has been developed as a part of the work undertaken
in the International Seismic Safety Centre’s Extrabudgetary Programme
(ISSC-EBP). Work related to the seismic hazard is addressed as Working
Area 1 (WA1) in the ISSC-EBP. The objective of WA1 is to develop guidelines
to implement the recommendations of IAEA Safety Standards Series No. SSG-9,
Seismic Hazards in Site Evaluation for Nuclear Installations [1]. One of major
recommendations made in the revision of SSG-9 [1] is to use fault modelling
for seismically active regions. The overall process of fault rupture modelling
and ground motion simulation is described in para. 5.14 of SSG-9 [1]. However,
more detailed guidance has been desired by the Member States. As such, under
WA1, Working Group 1.2 was created to prepare a document on fault rupture
modelling to address this need.
In seismic hazard assessments, it is necessary to obtain accurate estimates
of the response spectrum and broadband ground motion time histories in the
period range of 0.01–10 seconds. Methodologies for assessing ground motions
consist of two basic approaches. The first consists of ground motion prediction
equations (GMPEs); the second consists of physics based methods for strong
ground motion simulation. A GMPE is an equation used to estimate the amplitude
of ground motion (usually response spectral amplitude at several periods) from
a set of predictor variables (e.g. magnitude, distance and site condition). Most
GMPEs are derived from recorded strong ground motions. However, when
strong motion recordings are not available, strong motion simulations may
be used instead. GMPEs primarily provide ground motion response spectra.
Corresponding ground motion time history representations can be obtained
from the time histories used to generate the GMPE. Conversely, ground motion
time histories are directly provided by the physics based simulations, and these
time histories can be used to develop simulation based GMPEs that provide
response spectra.
In many regions, especially those with low levels of seismicity, the number
of strong ground recordings is not large enough to develop GMPEs based
on recorded data. For such regions, such as eastern North America and Australia,
GMPEs from other regions have to be adopted and adjusted, or GMPEs can
be developed based on strong ground motion simulations using fault rupture and
wave propagation modelling.
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Recorded ground motions are often too sparse to adequately constrain
GMPEs for high magnitudes at short distances that may influence the seismic
hazard assessment at nuclear installations. For example, there is only one strong
motion record of a magnitude 8 strike-slip earthquake, at a closest distance
of less than 10 km (the Pump Station 10 recording of the MW 7.9 Denali, Alaska,
earthquake of 2002). Strong motion simulations can be used to extrapolate
GMPEs based on strong motion recordings to closer distances and larger
magnitudes than those that are well represented in strong motion databases.
Moreover, specific conditions related to the source geometry (e.g. asperity
location, rupture directivity and hanging wall effects) and crustal structure
(e.g. 3-D basin effects) can have an influence on the resulting ground motions
that is quite strong and difficult to adequately represent using GMPEs based
on strong motion recordings because those recordings may not contain the known
site specific source and path conditions relevant to the site.
For example, the MW 7.0 Kobe, Japan, earthquake of 1995 generated
strong directivity pulses, amplified by basin edge effects, which caused severe
damage to structures in the city of Kobe. This disaster emphasized the need
to simulate the time histories by fault rupture modelling for earthquake resistant
design of nuclear installations. The need to develop guidelines for fault rupture
modelling was also demonstrated by the MW 9.0 Tohoku, Japan, earthquake
of 2011. In the period range of importance to nuclear installations, most of the
strong ground motion from this earthquake was generated in several patches
on the deep part of the plate interface. In order to estimate the strong ground
motions from future MW 9 earthquakes, it is necessary to understand whether
or not this pattern is typical of such earthquakes, and to assess the variability
in ground motions that would be generated by alternative source models. Since
such large earthquakes occur infrequently, strong motion simulations as well
as the 2010 Maule and 2011 Tohoku recordings are required to develop reliable
GMPEs for such events.
1.2. OBJECTIVE
This Safety Report provides guidance on ground motion simulation using
fault rupture modelling for seismic hazard assessment in site evaluation for
nuclear installations. It describes the ground motion simulation methods and their
application to estimating ground motions and ground displacement near faults.
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1.3. SCOPE
The scope of this Safety Report includes relevant definitions and
terminology, characteristics and evaluation methods of ground motions,
evaluation of fault parameters for heterogeneous source models, and state of the
art practices in ground motion simulation based on heterogeneous source models,
in order to improve seismic hazard assessment.
1.4. STRUCTURE
Section 2 presents the definitions and terminology used in this Safety
Report. Section 3 introduces characteristics and evaluation methods of ground
motions. Section 4 shows some examples of ground motion evaluation based
on the heterogeneous source models. Section 5 concludes the fault rupture
modelling described in this Safety Report.
The practice of evaluation of fault parameters is introduced in Appendix I for
the ground motion simulation based on heterogeneous models. In addition, the
open access to the platform of the Southern California Earthquake Center (SCEC)
is introduced in Appendix II for several strong motion simulation methods. Some
state of the art fault displacement hazard analyses are introduced in the Annex.

2. DEFINITIONS AND TERMINOLOGY
2.1. EARTHQUAKE CATEGORIES
Earthquakes are classified into three categories in this Safety Report:
crustal, subduction interface and intra-slab. Crustal earthquakes consist of two
types of earthquake: one that occurs in stable continental regions and one that
occurs on, or near, plate boundaries between two plates. Subduction interface
earthquakes occur in active crustal regions on the plate boundaries between
continental plates and subducting oceanic plates. Intra-slab earthquakes occur
within subducting oceanic plates, called slabs. The intra-slab earthquakes consist
of deep earthquakes that usually occur near or landward of the coastline and
shallow earthquakes that occur offshore in the outerrise.
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2.2. IDENTIFIED FAULT
An identified fault is defined as one for which the parameters listed
in para. 5.14(a) of SSG-9 [1] can be estimated. Paragraph 5.14(a) of SSG-9 [1]
recommends that fault rupture simulation be done for nearby identified faults,
especially where they contribute significantly to the hazard.
2.3. FAULT RUPTURE MODELLING
Fault rupture modelling involves earthquake rupture parameterization that
include, for example:
—— Fault length;
—— Fault width;
—— Slip distribution on the fault;
—— Slip time function on the fault;
—— Rupture initiation point;
—— Rupture propagation mode;
—— Rupture propagation velocity.
Fault rupture modelling is used to generate the ground motions and
ground displacement near the fault caused by the earthquake. The parameters
used in fault rupture modelling are estimated using observed data, empirical
relations between parameters and theoretical relations between parameters. The
uncertainty in some of these parameters can be quite large, and they need to be
dealt with using systematic uncertainty analyses.

3. CHARACTERISTICS AND EVALUATION METHODS OF
GROUND MOTIONS
This section describes the current techniques that are being used
in fault rupture modelling and ground motion simulation, and applied
to nuclear installations.
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3.1. PHYSICAL PROCESS AFFECTING STRONG GROUND MOTION
HAZARD ASSESSMENT
Strong motion simulations are based on a rigorous mathematical
representation of the earthquake source and seismic wave propagation between
the source and the site. Three processes involved in the generation of earthquake
ground motion are shown schematically in Fig. 1 [2]. Seismic waves are
generated as part of the strain energy released from the rupturing of a fault
(earthquake source process). The seismic waves then propagate through the
Earth’s crust and the mantle (wave propagation or path effect) and approach the
surface of the Earth, where they undergo further modifications while propagating
through shallow soils (shallow soil response). These processes representing
source, wave path, and local site effects are often difficult to be separated.
GMPEs use a simplified model of ground motion generation process
in which the effects of the earthquake source are represented primarily by the
earthquake magnitude. The effects of wave propagation from the earthquake
source to the site are represented primarily by fault distance, although the
behaviour of the crustal waveguide and effect of regional attenuation (material
damping factor, Q) is implicit in the coefficients that are estimated from the
recorded time histories. The site effects are specified by a site parameter
or category (see Fig. 1), although average near-surface attenuation (kappa-zero)
may be incorporated to the extent that it influences the empirical coefficients.
GMPEs that also include geometrical effects such as rupture directivity and
hanging wall effects, as well as basin effects, have been developed [3].
Earthquake source

Path

Site
Surface
Basin
Mid-crustal reflector

Moho

Empirical:

Magnitude

Distance

Soil category

Seismological:

Shear dislocation

Crustal waveguide

Complex 3-D structure

FIG. 1. Schematic diagram of empirical and seismological models of earthquake ground
motions (adapted from Ref. [2] with permission).

5

The GMPE method has been developed by many researchers [4–10].
At low probability levels, applicable to nuclear power plants, the earthquake
shaking hazard in many regions of the world is associated with larger earthquake
magnitudes and shorter distances than those available in strong ground motion
databases. This is particularly true in tectonically stable regions, where strong
motion recordings are much too sparse to provide a basis for developing reliable
GMPEs, and therefore have to be adopted and adjusted from other regions
or developed based on simulations.
As shown in Fig. 1 [11]:
“...the earthquake source is a complex rupture process on a fault. Seismic
waves arrive at the site by propagation through a complex waveguide, and
complex local geology can have an important influence on the recorded
ground motions. Strong motion simulation methods have the advantage
of allowing the incorporation of information about earthquake source,
seismic wave propagation, and local site characteristics that are specific
to the region and to the site in question. These characteristics may include
rupture directivity effects, hanging wall/foot wall effects, Moho bounce
effects, basin effects, and site effects.”
Consequently, if all parameters are known in sufficient detail, the use
of these models to extrapolate low probability events is believed to have the
potential to generate more accurate representations of the ground motions than
using GMPEs. According to Ref. [11]:
“This is contingent upon the use of simulation methods that have the
capability to accurately reproduce the characteristics of recorded ground
motions in cases where the earthquake source and seismic velocity structure
(and hence wave propagation characteristics) are well known, and upon the
availability of reliable information about earthquake source and crustal
structure characteristics in the site region.”
It is important to recognize uncertainties in the ability of both GMPEs
and physics based simulations to extrapolate to all the situations of interest.
As explained in Ref. [11]:
“Even in tectonically active regions of the United States, the ground
motions that dominate seismic design are from larger earthquake
magnitudes than are abundant in the strong motion database. The Pump
Station 10 recording of the 2000 Denali, Alaska earthquake is still the only
near-fault recording of a magnitude 8 strike-slip earthquake anywhere
6

in the world, yet the seismic hazard in many urban regions in California
is dominated by such events. For regions where the hazard is dominated
by thrust earthquakes having magnitudes as large as 7.5, the database
consists mainly of recordings from overseas earthquakes such as the
1999 magnitude 7.6 Chi-Chi, Taiwan event, which was associated with
large surface faulting with weak short period ground motions and weak
rupture directivity effects. These recordings may not provide an optimal
representation of events such as a blind thrust earthquake on the Puente
Hills Blind Thrust beneath downtown Los Angeles, with its potential for
much stronger short-period ground motions and rupture directivity effects.”
To the extent that these are the only earthquakes on which source models
used in simulations can be calibrated, they may be biased if they are not
representatives of ‘typical’ earthquakes. However, source models for large
earthquakes are to some extent constrained by teleseismic observations, so the
uncertainties in physics based methods of generating strong motion synthetics
are probably smaller than the uncertainties in extrapolation using GMPEs. This
is a strong reason for favouring these methods over GMPEs in these situations.
The focus of this section is on ground motion simulation methods that
simulate earthquake source rupture and seismic wave propagation processes and
estimate the resulting ground motions at a rock site. Other aspects of ground
motion simulation that are not treated in detail here include: the simulation
of local wave propagation through the soil and rock sediments at a site to estimate
the effects of the sediments on the site ground motions (these methods are usually
referred to as site response analyses); and the simulation of wave propagation
in two or three dimensional deep sedimentary basins in which a site may
be located to estimate the basin response effects on site ground motions.
3.1.1. Summary of concepts used in strong ground motion simulation
methods
There is a large variety of ground motion simulation procedures, some
of which are purely numerical and have little or no seismological basis.
Procedures that use well founded seismological models are expected to produce
more realistic ground motions than procedures that lack a seismological basis.
For this reason, only well founded and well validated seismological procedures
should be used in engineering applications.
Seismologists have studied and developed theoretical models to explain
and model, either theoretically or statistically, the effects of the earthquake source
and wave propagation on observed ground motions (see Refs [12–15]). These
well accepted models have provided the seismological basis for ground motion
7

simulation procedures. A survey of existing simulation procedures (and their
seismological basis) can be found in Ref. [16]. This section describes basic
features of seismological models that are essential to a simulation procedure. The
following discussions focus on features related to the processes of earthquake
source and seismic wave propagation in the crust [17]:
“At long periods (longer than about 1 second), strong ground motions are
deterministic in the sense that seismological models are capable of matching
not only the spectral amplitudes but also the waveforms of recorded long
period ground motions, once the rupture model of the earthquake and
the seismic velocity structure of the region surrounding the earthquake
are known. At short periods (shorter than about 1 second), strong ground
motions become increasingly stochastic in nature. Seismological models
are generally capable of matching the spectral amplitudes of the short
period ground motions, but are generally not capable of matching the
recorded waveforms.”
This is illustrated in the comparison between recorded and simulated
ground motions of the 1997 Northridge earthquake recorded at Arleta shown
in Fig. 2 [18]. The simulations generally provide a fairly good waveform match
to the recorded velocity and displacement time histories in early phases and
a poor match to the recorded acceleration time histories.
“The transition from deterministic to stochastic behavior appears to be
due to a transition from coherent source radiation and wave propagation
conditions at long periods (over long dimensions) to incoherent source
radiation and wave propagation conditions at short periods (over short
dimensions)” [17].
Source radiation and wave propagation become increasingly incoherent
at short periods (see Refs [15, 19]) owing to the existence of small scale
heterogeneities in the earthquake source process and crustal properties.
Overall, the observed high frequency motions behave stochastically. The period
of transition from deterministic to stochastic behaviour is uncertain, but is often
taken as about T ≈ 1 s [20].
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FIG. 2. Comparison of recorded (top row) and simulated (middle and bottom rows)
displacement, velocity and acceleration time histories at Arleta from the 1994 Northridge
earthquake, plotted on a common scale, with the peak value given in the top right corner
(reproduced from Ref. [18] with permission).

3.1.2. Use of the elastodynamic representation theorem
The elastodynamic representation theorem is used to compute the total
ground motion at a site from time functions of slip on the fault that represent
faulting and Green’s functions that represent seismic wave propagation.
Comprehensive discussions of the representation theorem and its use in ground
motion simulation are provided in Refs [12, 14, 20].
The representation theorem is a summation over time and a double
summation over space on a 2-D grid of point sources on the fault plane
(see Fig. 3). In the first summation, multiple time-lagged Green’s functions for
a given point on the fault are convolved with the time function of slip at that point
on the fault. The time lag accounts for delays due to rupture propagation and the
9

FIG. 3. Modelling of a propagating earthquake source using fault elements.

time taken for seismic waves to propagate from a point source on the fault to the
site. The double summation over space integrates the contributions from a finite
fault that has been discretized into a 2-D grid of subfault areas.
In theoretical methods, the earthquake source, path and site effects are
described by physical models based on actual materials and phenomena. The
source effects are represented by the fault model, and the path effects and the
soil effects are represented by the Green’s function. The Green’s functions are
calculated analytically or numerically, and they are scaled based on the slip time
functions on each subfault. The waves are synthesized accordingly to the rupture
process shown in Fig. 3. This method is rational because it is based on physical
model, but it is difficult to apply this method to assessing short period ground
motions, as it is necessary to model the source, the path and the soil in detail. The
theoretical method has been developed by many researchers (see Refs [21–24]).
Since calculating the Green’s function accurately in the short period range
is difficult, semi-empirical methods have been developed. Two semi-empirical
methods include the empirical Green’s function method and the stochastic
Green’s function method.
The empirical Green’s function method uses small earthquake records
as Green’s functions needed in the theoretical method to simulate the large
ground motion. This method has the advantages that the probability of observing
small earthquake ground motions at the target site is much higher than that
of observing large earthquake ground motions, and that the small earthquake
ground motions include the path effects and the soil effects. In the case that the
soil effects are elastic, the synthetic result can be used without any investigation
10

of the soil. Moreover, the ground motions needed in earthquake resistant design
for nuclear installations are predominantly short period ground motions that are
affected by the complex rupture at the source and details of the three dimensional
heterogeneous structure near the site. Since it is very difficult to reproduce
or predict these short period ground motions by the theoretical method, the
empirical Green’s function method is useful in these cases. As in the theoretical
method, it is necessary to model the source in detail, and the predicted ground
motions can have large variations when the uncertainty in the fault parameters
is taken into account. The empirical Green’s function method has been developed
by several researchers (see Refs [25–27]).
The stochastic Green’s function method utilizes small earthquake motions
generated in a computer as the Green’s functions. The Fourier amplitudes and the
envelop function of the time histories for generating the Green’s functions are
prescribed, and the soil effects are taken into account by considering amplification
of the motions from the seismic basement to the surface. The stochastic
Green’s function method has been developed by some researchers [28, 29].
In actual practice, a hybrid method is often adopted, where the long
period components are predicted by the theoretical method and the short period
components are predicted by the semi-empirical method. A matching filter is used
in this method (see Refs [30–32]).
3.1.3. Earthquake source rupture processes
Seismic waves are generated by abrupt slip on a fault. The elastic rebound
theory provides the framework for modern earthquake source models [33, 34].
Fault slip begins at a point on the fault (hypocentre) and quickly spreads across
the fault at a rate (rupture velocity) that is typically 80% of the shear velocity
of the rock. Each point on the fault starts to slip when the moving rupture front
arrives at that point, and it takes a finite amount of time (the rise time) for that
point to undergo slip.
Ideally, the source parameters describing an earthquake rupture should
be compatible with rupture dynamics: that is, be consistent with initial and
boundary conditions that relate to the time varying strength and friction on the
fault surface during the earthquake rupture process. Dynamic rupture models
are currently the focus of intensive research, and at present are not widely used
in quantitative engineering applications. The strong motion simulation procedures
currently used in engineering seismology are mostly based on kinematic
representations of the earthquake source. These methods prescribe the manner
in which rupture evolves on the fault without checking whether that evolution
is compatible with rupture dynamics.
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The key parameters of a kinematic source model include the fault geometry
(length, width, strike and dip), the direction of slip (rake angle), the time history
of the fault slip (slip time function), the rupture initiation point (hypocentre) and
the rupture velocity. Two important parameters of the slip time function at each
point on the fault are the rise time and final amount of slip. When the site is within
a few fault lengths of a fault that generates a large earthquake, it is necessary
to use an extended fault plane to realistically represent finite fault effects such
as rupture directivity effects and hanging wall effects. Otherwise, a finite
source can be simplified to a point source in space for the purpose of simulating
ground motions.
The fault rupture process is heterogeneous both spatially and
temporally [35]. Smooth (coherent) components of the source process affect the
generation of long period waves, whereas small scale (incoherent) components
control the generation of high frequency waves. The small scale components are
too complicated to be represented by a deterministic model, so they may be better
treated as random phenomena and characterized by a stochastic model.
To implement such a heterogeneous source process in a simulation
procedure, small scale heterogeneity can be imposed on a deterministic (smooth)
source. For example, random perturbations to a constant rupture velocity can
be used to produce an irregular rupture front, and the resulting accelerations and
decelerations of the rupture front efficiently generate high frequency waves [36].
Similar randomization has been applied to other parameters such as the rise
time, rake angle and static slip distribution [37–41]. Statistical models are now
available to generate random slip distributions for future earthquakes [35, 39, 42].
Parameters for such statistical models are calibrated based on slip distributions
from past earthquakes, and are constrained by seismological observations of far
field motions.
Asperities are a key feature of earthquake rupture models. The word
asperity means roughness: in rock mechanics, an asperity indicates the
connecting interface of two rock bodies that controls the strength of the rock
system [43]. Kanamori [44] and Lay and Kanamori [45] introduced the concept
of the asperity into seismology to indicate a high strength region in order
to explain the occurrence pattern of small earthquakes and large earthquakes
along subduction zones. Das and Kostrov [46] applied the concept of the asperity
to a high stress drop area in an earthquake, simplifying complex fault rupture into
two typical areas: asperities of high stress drop and a background of free stress.
Somerville et al. [35, 47] identified asperities by determining the area of large slip
based on inversion results of slip distribution on the faults. References [48–50]
showed that, for shallow crustal earthquakes, the asperities defined by the method
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of Somerville et al. [35, 47] also correspond to the strong motion generation
areas. However, recent large subduction interface earthquakes showed that the
strong motion generation areas were located in the deeper part of the fault, while
the large slip areas were located in a shallower part of the fault [51].
From studies of rupture process using waveform inversion of strong
ground motion, it is understood that in the frequency range of interest for
nuclear installations (0.1–100 Hz), strong ground motion is controlled by slip
heterogeneity (asperities) rather than the average slip over the entire rupture
area. Somerville et al. [35] characterized asperities as regions on the fault that
have large slip relative to the average slip of the rupture area. They also found
that the asperity areas, as well as the entire rupture areas, scale with the total
seismic moment. An example of an earthquake rupture model is shown in Fig. 4.
The top panel shows the distribution of slip obtained from a source inversion
process [52]. The bottom panel shows the two asperities that were identified [35].
Two different approaches have been used to represent slip heterogeneity
in forward rupture simulations. The first approach (see Refs [32, 53, 54]) uses
a stochastic representation of the slip distribution and other source parameters.
In the first two of these models, the slip distribution is specified using
randomized spatial fields, constrained to fit certain wave number properties
(see Refs [35, 42]).
The second approach (see Refs [50, 55–58]) uses a theoretical representation
of the slip distribution and relevant source parameters. According to Ref. [50]:
“Based on two kinds of scaling relationships — one for the entire rupture
area and the other for the asperity areas with respect to the total seismic
moment — we found that the source model for the prediction of strong
ground motions can be characterized by three kinds of parameters:
outer, inner, and extra fault parameters. The outer fault parameters are
conventional parameters characterizing the size of an earthquake, such
as the rupture area and seismic moment, which give an overall picture of the
source fault. The inner fault parameters, newly introduced in this study,
define the slip heterogeneity within the seismic source. These parameters
include the combined area of the asperities and the stress drop of each
asperity, which have a major influence on the strong ground motions.
The extra fault parameters are used to characterize the rupture nucleation
and termination, such as the starting point and propagation pattern of the
rupture. From a combination of the outer, inner and extra fault parameters
we developed a ‘recipe’ for predicting strong ground motions for future
large earthquakes (Irikura and Miyake, 2001 [59]; Irikura, 2004 [60]).”
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FIG. 4. Spatially variable slip (top) and its representation by discrete asperities in the 1989
Loma Prieta earthquake (reproduced from Ref. [35] with permission).

In the second source modelling approach for use in the simulation of near
fault strong ground motions, including rupture directivity effects, the fault
rupture is characterized using the strong motion generation area and asperity
model (SMGA/asperity model). The SMGA/asperity model is a simplified
source model that extracts the features from complex fault rupture models, and
14

can produce rupture directivity pulses [35, 47, 50]. The SMGA/asperity model
is a source model consisting of SMGAs or asperities that are locked during
the period between earthquakes and release elastic energy abruptly during the
earthquake, and a background region that is not locked during the time period
between earthquakes, and can slip during an earthquake.
The most significant feature observed in near source ground motions
is the rupture directivity pulse [61]. The upper panel of Fig. 5 shows an example
of directivity pulses observed in the 1995 Kobe, Japan, earthquake. Directivity
pulses can be modelled by heterogeneous fault models such as the SMGA/asperity
model, the hybrid model and the empirical/statistical model [62]. Matsushima
and Kawase [63] showed that the directivity pulses numbered 1, 2, 3 and 5 in the
upper panel of Fig. 5 came from the respective SMGAs/asperities numbered 1,
2, 3 and 5 in the lower panel. Near fault ground motions are described in more
detail in Section 3.4.
Another significant feature of near source ground motions is displacement
on the primary and secondary faults. Probabilistic and scenario based fault
displacement hazard analysis is explained in the Annex.

FIG. 5. Directivity pulses observed in the 1995 Kobe, Japan, earthquake (reproduced from
Ref. [63] with permission).
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3.1.4. Seismic wave propagation processes1
The effect of wave propagation in the Earth’s crust is also called the
path effect. Typical path effects include attenuation of wave amplitude due
to geometrical spreading and inelastic energy absorption, reflection and
refraction at the interface of distinct rock types (large scale heterogeneity), and
wave scattering from small scale heterogeneities in the crust.
A Green’s function is a mathematical function used in simulation
procedures to represent the effects of wave propagation from a simple source
to a station in any crustal structure. A Green’s function is defined as the response
of the Earth to a seismic point source, and depends only on the Earth’s velocity
structure and the site and source locations. Green’s functions for point shear
dislocation sources are used as building blocks to generate the ground motions
caused by rupture of an earthquake on an extended fault plane.
The computation of theoretical Green’s functions requires properties of the
crustal structure such as the compressional and shear wave velocities, density,
and damping factor (or seismic Q factor, where Q ≈ 0.5/β). Different assumptions
of the crustal structure are used in different simulation procedures. Several
stochastic procedures use a 1/rhyp (rhyp = hypocentral distance) geometrical
(see Refs [24, 64]). This is appropriate for the attenuation of shear waves in a
homogeneous whole space, but it does not accurately represent seismic wave
propagation in a layered crust. Green’s functions for more realistic models
of layered crust are also widely used to represent the first-order path effects of the
Earth’s crust [65–67].
When the site is inside a deep sedimentary basin or is expected to experience
topographic effects, then an even more complicated crustal structure involving
lateral variation of crustal properties and non-planar geometry may be used.
Calculation of Green’s functions for this type of complicated crustal structure
is typically done by numerical methods such as finite element or finite difference.
These methods remain computationally intensive and are often limited to long
period (T > 1 s) calculations.
The empirical Green’s function approach [68–70] uses a recording,
ideally at the site of interest, from a small earthquake located close to the fault
whose ground motions are to be estimated. The empirical Green’s function
is considered more realistic than an analytical one because it contains wave
propagation effects of the real Earth, including scattered waves. This is especially
true for high frequency motions, which are strongly influenced by scattered
waves. The application of this approach has many practical limitations. It is

1
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This section is based on section 6.2.2 of Ref. [20].

uncommon to have recordings of suitable earthquakes at the site of interest. Even
if they are available, they may not span the full ranges of depth and distance
required to represent a large earthquake on the fault. The signal-to-noise ratios
of recordings are often inadequate, especially at long periods.
Waves scattered by small scale heterogeneities in the crust also contribute
significantly to the complex appearance of recorded acceleration time histories.
They prolong the ground shaking duration, redistribute energy among the three
orthogonal components of shaking, and contribute to the spatial incoherence
of ground motions. The distribution of small scale heterogeneities in the crust
is not known, so it is only possible to predict the average characteristics of the
scattered waves (i.e. wave envelope in the time domain, and mean power spectral
density in the frequency domain) assuming random distribution of scatterers.
Sato and Fehler [15] provide an extensive review of seismological models for the
synthesis of scattered waves.
Some simulation procedures that explicitly include scattered waves [41]
as signal generated noise in the simulated motions, where the signal
is the deterministically computed theoretical Green’s function. Other procedures
include the scattered waves empirically, by using empirical Green’s functions
derived from strong motion recordings that include scattered waves generated
in the real Earth.
3.2. OVERVIEW OF STRONG MOTION SIMULATION PROCEDURES
There is a variety of strong motion simulation procedures that take
different approaches to the characterization of the earthquake source, seismic
wave propagation, and site response. For example, the Southern California
Earthquake Center (SCEC) Broadband Strong Motion Simulation Platform
(see Appendix II) is constructed in a modular fashion that allows the user
to choose among alternative methods of modelling these three aspects of ground
motion simulation. The following sections summarize some of the strong motion
simulation methods that have been proposed.
The stochastic method, which is the simplest method, and is most
applicable at high frequencies. This method is used to characterize some aspects
of high frequency ground motions in two more complex methods — the asperity
method and the hybrid method — which are based respectively on deterministic
and stochastic representations of fault heterogeneity. There is also the composite
source model, which takes a different approach to representing fault heterogeneity.

17

3.2.1. Stochastic method
The simplest seismologically based strong motion simulation method is the
stochastic method [28]. As explained in Ref. [71]:
“This method models ground motion as a time sequence of band limited
white noise. A Fourier spectral model of the ground motion is constructed,
starting with a model of the source spectrum and modifying its shape
by factors to represent wave propagation effects.”
This method has been used for the generation of ground motion prediction
methods for application at nuclear installations in the Central and Eastern United
States of America (see Ref. [72]). The stochastic method is most appropriate
at short periods where ground motions display the stochastic characteristics
described above. At longer periods, it generally produces ground motions that are
deficient because some implementations of the stochastic method do not consider
earthquake source properties (such as the radiation pattern) and do not use
Green’s functions to describe seismic wave propagation. The stochastic method
is used to simulate high frequency ground motions in both of the ground motion
simulation procedures described in detail below — the asperity model and the
hybrid model [20]:
“There are two versions of this simulation procedure, one uses a point
seismic source and the other uses a finite fault source. The point-source
version uses an ω-squared source model (Brune, 1970 [73], 1971 [74])
with a single corner frequency (fc) and a constant stress drop (Δσ)
(Boore, 1983 [28]; Atkinson, 1984 [75]).... The finite-source version
combines aspects of the finite source….with the point-source ground
motion model (Silva et al., 1990 [76]; Silva et al., 1995 [77])....
In the finite-source case, the approach of lagging-and-summing multiple
Green’s functions over a 2D grid of subfaults is used. The finite source
model includes a heterogeneous slip distribution, and the rupture velocity
is taken as 0.8 times the shear-wave velocity at the depth of dominant
slip. To capture heterogeneity in fault rupture propagation, a random
perturbation of 20% is applied to the rupture velocity. Validation results
of point- and finite-source versions (Silva et al., 1999 [78]) indicate that the
finite-source model, on average, gives more accurate predictions than the
point-source model for spectral periods T > 1 s. For T < 1 s, both versions
give comparable results in terms of the modeling bias and variability
(Silva et al., 1999 [78]).
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“The effects of wave propagation are simply modeled by a 1/rhyp (or 1/√rhyp
for surface wave) geometrical attenuation, crustal damping [modeled
by a frequency dependent quality factor, Q(f)], and crustal amplification
due to the velocity gradient in the shallow crust. It is also possible to use
either empirical or simplified numerical procedures (ray tracing) to account
for the effects of reflection off crustal interfaces (such as Moho) (Ou and
Herrmann, 1990 [79]; Boore, 1996 [80]).
“An equivalent-linear model is used to account for nonlinear 1D ground
response. A simple damping function, parameterized by κ..., is used
to model the damping effect in the very shallow crust directly below the
site (Hough and Anderson, 1988 [81]; Silva and Darragh, 1995 [82]). This
damping effect is an attempt to model the observed rapid fall off of Fourier
amplitude spectra beyond a maximum frequency (Hanks, 1982 [83];
Silva and Darragh, 1995 [82]). This observed phenomenon truncates the
high frequency part of the spectrum, and along with corner frequency fc,
is responsible for the band-limited nature of predicted spectra from the
stochastic ground motion model.
“This procedure predicts the power spectral density of stochastic ground
motions with attractive simplicity. The predicted power spectral density,
and the assumptions of normality and stationarity about the stochastic
character of time histories, permit stable estimates of peak values of ground
motions to be made without computing detailed time histories (Hanks and
McGuire, 1981 [84]; Boore, 1983 [28]). Under these two assumptions,
random vibration theory is used to relate a time-domain peak value to the
time domain root-mean-square (RMS) value (Boore, 1983 [28]), which
is calculated by integrating the power spectral density from zero frequency
to the Nyquist frequency and applying Parsevall’s relation.
“Fourier phase spectra are needed to generate time-domain realizations
of stochastic motions. One simple way is to generate random phases using
a random number generator. A more attractive alternative is to carry the
phase information (or time delays) in the finite-source procedure and,
at the end, combine it with the phase spectrum of a real recording from
an earthquake whose size is comparable to the subfault size (generally in the
magnitude range of m = 5 − 6.5). … Interestingly, this phase spectrum need
not be from a recording in the region of interest (Silva et al., 1989 [85]).
Combining the amplitude and phase spectra, and transforming the resulting
complex-valued Fourier spectrum back into the time domain then results
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in one realization of the ground motion time history, which includes all
of the aspects of a finite source as well as path and site effects.”
3.2.1.1. Parameters of the stochastic method that require specification
The following parameters require specification in the stochastic method:
(a)

(b)

(c)

Source:
—— Point source model: Seismic moment (equivalent to earthquake
magnitude), and corner frequency (or frequencies), alternatively defined
as the stress parameter, which defines the short period spectral level,
including all but the longest periods of importance to engineering;
—— Finite source model: fault length, fault width, subfault size, hypocentre
location and rupture velocity.
Path: Q (material damping factor, which may be frequency dependent)
and source-to-site distance (or an empirical or numerical attenuation
function; the latter derived from seismic velocities and densities of a flat
layered crustal structure). The effect of the crustal structure, including the
shear wave velocity at the surface, on ground motions levels is controlled
by amplification functions for plane wave transmission upwards through
a layered crust.
Site:
—— Surface seismic velocities, density and kappa (material damping factor);
—— Shear modulus and damping as a function of strain level for
non-linear response.

3.2.1.2. Alternative stochastic methods
Alternative stochastic methods are proposed in Refs [24, 64, 72, 76, 86, 87].
3.2.2. Asperity source model2
In the asperity source model approach (see Refs [50, 53, 55, 57, 58]),
the earthquake source is characterized by two types of region — asperities and
background — as shown in Fig. 6.
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FIG. 6. Schematic diagram illustrating the asperity source model (reproduced from Ref. [49]
with permission).

The procedure involves estimation of the outer fault parameters and the
inner fault parameters in steps of the following sections.
3.2.2.1. Outer fault parameters estimation of seismic moment for
possible earthquake
—— Step 1: Total rupture area (S = LW)
The total fault length L of the target earthquake is defined as the sum of the
lengths of the fault segments, grouping those simultaneously activated.
The fault width W is related to the total fault length before reaching the
thickness of the seismogenic zone Wmax and saturated at Wmax/sin θ, where
θ is the dip angle.
—— Step 2: Total seismic moment (M0)
The total seismic moment is estimated from the relationship between the
seismic moment and rupture area.
—— Step 3: Average stress drop on the fault
The average static stress drop for the rupture area is estimated by Eq. (1),
in Section 3.2.2.4, for a circular crack model [88] at the first stage, and then
by other formulas considering the tectonic loading stress (see Ref. [89])
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at the second and third stages respectively, to naturally explain the
three-stage scaling relationships of the seismic moment and rupture area.
3.2.2.2. Inner fault parameters slip heterogeneity or roughness of faulting
—— Step 4: Combined area of asperities (Sa)
Two methods are used to determine the combined area of asperities.
One is from the empirical relation of Sa−S [31, 59], where the combined
area of asperities is specified to be around 22%. The other is from
equations which estimate the acceleration level from empirical relations
or observed records.
—— Step 5: Stress drop on asperities (Δσa)
Δσa, as the inner fault parameter, is derived by multiplying Δσ, as the outer
fault parameter, by S/Sa from Step 4.
—— Step 6: Number of asperities (N)
The asperities in the entire fault rupture are related to the segmentation
of the active faults. The locations of the asperities are assumed from various
kinds of information, such as the surface offsets measured along a fault,
the back-slip rate found by GPS observations, and the weak reflection
coefficients in the fault plane.
—— Step 7: Average slip on asperities (Da)
The average slip on asperities is based on Step 6 and the empirical
relationships from the quasi-dynamic simulations of the slip distribution for
the multiple asperity source model [90, 91]).
—— Step 8: Effective stress on asperity (Δσa) and background slip areas (Δσb)
The effective stress (σa) on an asperity for strong motion generation
is considered to be almost identical to the stress drop on the asperity (Δσa).
The effective stress on the background slip area is constrained by the
empirical relationship between the seismic moment and acceleration source
spectral level (or between the effective stresses, the slips, and the widths
of the asperity and the background) [92].
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—— Step 9: Parameterization of slip velocity time functions
There are several proposals of slip velocity time functions (e.g. see
Refs [93–97]). In this Safety Report, the formulation of Nakamura and
Miyatake [94] was adopted: the Kostrov-like slip velocity time functions
are assumed to be functions of the peak slip velocity and rise time based
on the dynamic simulation results of Day [93]. The peak slip velocity
is given as the effective stress, rupture velocity and fmax.
3.2.2.3. Extra fault parameters propagation pattern of rupture
The extra fault parameters of the rupture starting point and rupture velocity
are used to characterize the rupture propagation pattern in the fault plane. For
inland crustal earthquakes, the rupture nucleation and termination are related
to the geomorphology of the active faults (e.g. see Refs [98, 99]). However, there
is not enough knowledge and insufficient justification to fix the rupture’s starting
point (see Ref. [50] for examples of rupture starting points).
3.2.2.4. Strong motion generation area/asperity method
One version of the asperity model approach is the SMGA/asperity
approach. In the following, major fault parameters of the SMGA/asperity
model and their relationships are explained. Detailed procedures for evaluating
the fault parameters of the SMGA/asperity model are explained for crustal
earthquakes [58], for subduction interface earthquakes [58] and for intra-slab
earthquakes [57] in Appendix I.
Figure 7 and Table 1 show six major fault parameters of the SMGA/asperity
model: the fault area S, the averaged stress drop Δσ, the area of the combined
SMGAs/asperities SSMGA, the stress drop on the SMGAs/asperities ΔσSMGA, the
seismic moment M0, and the short period level A (the flat level of the acceleration
source spectrum in the short period range). The seismic moment M0 and the short
period level A of the acceleration source spectrum are calculated from observed
seismic waves of past earthquakes. These six parameters have the following three
theoretical relationships [56]:
 7  M 0 
∆s =  
 16 (S p )1.5 



(1)
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where β is the S wave velocity at the source, and the short period level from the
background is assumed to be small enough to be ignored. Equation (1) is the
averaged stress drop for circular crack models [88], while several equations for
calculating the averaged stress drop have been obtained for other fault models
(see Refs [100–102]). Equation (2) is obtained by the reciprocity theorem [103].
Equation (3) shows the short period level of the asperity model [104] based
on that of the crack model [73, 105].
Values of three out of these six parameters need to be assigned to allow
evaluation of the remaining three parameters. Table 1 shows fault parameters
of the SMGA/asperity model assumed a priori for predicting strong ground
motions and other major fault parameters evaluated by empirical and theoretical
equations [57]. As shown in Table 1, the fault area is assumed a priori, and the
seismic moment and the short period level is evaluated by the empirical equations
for crustal earthquakes and subduction interface earthquakes, while the seismic
moment is assumed a priori, and the area of the SMGAs/asperities and the short
period level is evaluated by empirical equations for intra-slab earthquakes.

FIG. 7. Concept of the SMGA/asperity model.
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TABLE 1. FAULT PARAMETERS OF THE SMGA/ASPERITY MODEL
ASSUMED A PRIORI FOR PREDICTING STRONG GROUND MOTIONS
AND OTHER MAJOR FAULT PARAMETERS EVALUATED BASED
ON EMPIRICAL AND THEORETICAL EQUATIONS
Category of earthquakes
Fault parameters

Crustal and subduction
interface

Intra-slab

Assumed a priori based on the
information on active faults or
past earthquakes

Evaluated by the theoretical
Eq. (29), in Appendix I, obtained
from the theoretical Eqs (1)–(3)

Seismic moment: M0

Evaluated by the empirical
Eqs (11) or (12), in
Appendix I

Assumed a priori based on the
information on past earthquakes

Averaged stress drop: Δσ

Evaluated by the theoretical
Eq. (1)

Evaluated by the theoretical
Eq. (30), in Appendix I, obtained
from the theoretical Eqs (1)–(3)

Area of combined
SMGAs/asperities: SSMGA

Evaluated by the theoretical
Eq. (16), in Appendix I,
obtained from the theoretical
Eqs (2) and (3)

Evaluated by the empirical
Eq. (27), in Appendix I

Stress drop on
SMGAs/asperities:
ΔσSMGA

Evaluated by the theoretical
Eq. (20), in Appendix I,
obtained from the theoretical
Eqs (2) and (3)

Evaluated by the theoretical
Eq. (31), in Appendix I, obtained
from the theoretical Eq. (3)

Short period level: A

Evaluated by the empirical
Eq. (15), in Appendix I

Evaluated by the empirical
Eq. (28), in Appendix I

Fault area: S

Source: See Ref. [57].

For evaluating the fault width, the thickness of the seismogenic
zone [43, 106] needs to be considered especially for crustal earthquakes caused
by strike-slip faults because the fault width becomes constant in very long faults
(see Fig. 8) [107].
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FIG. 8. Fault length and width for three types of earthquake (reproduced from Ref. [107]
with permission).

3.2.3. Hybrid source model
Graves and Pitarka [31, 32] developed a hybrid procedure for simulating
broadband ground motions that combines a stochastic approach at high
frequencies and a deterministic approach at low frequencies. An earlier version
of the procedure is described in Ref. [108]. This simulation procedure has been
implemented, validated and tested on the SCEC Broadband Platform. An example
of its validation against the strong motion recordings of the 1989 Loma Prieta,
California, earthquake is given in Section 4.2. A similar procedure has been used
in nuclear installation licensing in California [47].
3.2.3.1. Low frequency methodology (f < 1 Hz)
“At low frequencies, we use a deterministic representation of source
and wave propagation effects. The basic calculation is carried out using
a 3D viscoelastic finite-difference algorithm, which incorporates both
complex source rupture as well as wave propagation effects within
arbitrarily heterogeneous 3D geologic structure (Graves, 1996 [23];
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Pitarka, 1999 [24]). Anelasticity is incorporated using the coarse-grain
approach of Day and Bradley (2001) [109]. We use a kinematic description
of fault rupture incorporating spatial heterogeneity in slip and rupture
velocity by dividing the fault into a number of subfaults. We use a slip
velocity function that is constructed using two triangles following from
the dynamic rupture analysis of Guaterri et al. (2003) [110]. The rise time
comes from the empirical analysis of Somerville et al. (1999) [35] who
find that CEUS events have average rise time that are 1.85 times longer
than events in tectonically active regions. The rupture initiation time (Ti)
is determined using the expression
Ti =

R
−d t
Vr

(4)

where R is the rupture path length, Vr is the background rupture velocity
(set at 80% of Vs), and δt is a timing perturbation that scales linearly with
slip amplitude such that δt = δt0 where the slip is at its maximum and
δt = 0 where the slip is at the average slip value. We set δt0 = 0.5 sec. This
scaling results in faster rupture across portions of the fault having large slip
as suggested by source inversions of past earthquakes (Yaji, 2004) [111] and
dynamic rupture models (Day, 1982) [93]. For scenario earthquakes, the slip
distribution can be specified using randomized spatial fields, constrained
to fit certain wave number properties (e.g., Somerville et al., 1999 [35];
Mai and Beroza, 2002 [42])” [112].
3.2.3.2. High frequency methodology (f > 1 Hz)
“The high frequency simulation methodology sums the response for
each subfault assuming a random phase, an omega-squared source
spectrum and simplified Green’s functions. The methodology follows
from Boore (1983) [28] with the extension to finite-faults given
by Frankel (1995) [113] and Hartzell et al (1999) [114]. Each subfault
is allowed to rupture with a subfault moment weighting that is proportional
to the final static slip amount given by the prescribed rupture model. The
final summed moment is then scaled to the prescribed target mainshock
moment. The convolution operator of Frankel (1995) [113] scales the
subevent rise time to the target rise time. Additionally, this operator also
ensures that the result is not dependent on the choice of the subfault
dimensions” [115].
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Beresnev and Atkinson [86] originally define a radiation strength factor,
which is used as a free parameter in the specification of the subfault corner
frequency as the following:

fc = s ⋅ z

Vr
p ⋅ dl

(5)

where
fc
s
z
Vr

is the corner frequency (Hz);
is radiation strength factor;
is a scaling factor relating fc to the rise time of the subfault source;
is the rupture velocity (km/s);

and dl is the subfault dimension (km).
In the approach by Graves and Pitarka [31], instead of allowing this to be
a free parameter, z = C (constant) was assumed and:
1


h − h0
s = 1 + c 0

h1 − h 0

1 + c 0

if h < h0
if h0 ≤ h ≤ h1

(6)

if h ≥ h1

where
h0 = 5 (km);
h1 = 10 (km);
h is the depth of the subfault centre (km);
and c0 = 0.4 based on calibration experiments.
Since corner frequency is proportional to slip velocity (inversely
proportional to rise time), this formulation replicates the observed trend that
slip velocity is relatively low for shallow ruptures and increases with increasing
rupture depth [116].
This may cause the ground motions from surface faulting earthquakes to be
weaker than those of earthquakes that do not break the ground surface [117–119].
For active tectonic regions, z is set to 1.6. In stable continental regions, the rise
time is about 1.85 times longer than for active regions, which suggests z = 0.86 for
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such applications [120]. Allowing the subfault stress parameter (σp) to be variable
across the fault would accommodate a similar type of slip velocity scaling.
For the tectonically active crustal region (TCR), σp is fixed at 5 MPa.
For stable continental region (SCR) applications, the stress parameter is set
at 14.3 MPa, around three times larger than the stress parameter used for active
tectonic regions (see Ref. [121]). This change in stress parameter most likely
reflects the difference in rupture area for SCR events relative to active regions,
which Somerville et al. [120] found to be a factor of around 2. Scaling the stress
parameter by this factor yields a value of σp = 14.3 MPa for SCR applications.
Graves and Pitarka [31] explained that:
“Our formulation also allows the specification of a plane layered velocity
model from which we calculate simplified Green’s functions (GFs) and
impedance effects. The GFs are comprised of the direct and Moho-reflected
rays, which are traced through the specified velocity structure. Following
Ou [and Herrmann, 79], each ray is attenuated by 1/Rp where Rp is the
path length traveled by the particular ray. For each ray and each subfault,
we calculate a radiation pattern coefficient by averaging over a range
of slip mechanisms and take-off angles, varying ±45° about their theoretical
values. Anelasticity is incorporated using a travel-time weighted average
of the Q values for each of the velocity layers and using a kappa operator
set at κ = 0.05. Finally, gross impedance effects are included using quarter
wavelength theory (Boore [and Joyner, 122]) to derive amplification
functions that are consistent with the specified velocity structure.”
According to Ref. [112]:
“In order to account for site specific geologic conditions in the final
broadband response, we apply period-dependent, non-linear amplification
factors to the simulated time histories. These factors are based on the 30 m
travel-time averaged shear wave speed (Vs30) at the site of interest. Both
the long period (3-D) and short period (1-D) computational models have
minimum Vs30 values truncated at a constant reference value, typically
between 600 m/s and 1000 m/s. This is done not only for computational
efficiency, but also reflects our lack of sufficient knowledge regarding
the detailed nature of the subsurface velocity structure, particularly in the
upper few hundred meters. The site-specific amplification factors are based
on equivalent-linear site response analysis (Walling et al., 2008) [123]
as implemented in the GMPE of Campbell and Bozorgnia (2008) [8].
Those theoretical site factors have been shown to be generally consistent
with empirical observation (Kwok and Stewart, 2006) [124].”
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3.2.3.3. Parameters of the hybrid Green’s function method that require
specification
A typical set of input parameters used to characterize a kinematic model
(see Table 2) includes fault length L, fault width W, rupture velocity Vr, permanent
slip D, and rise time, which defines the slip velocity function. The output of these
models is the earthquake ground motion on the free surface. The calculation
of the ground motion is based on the elastodynamic representation theorem [12].
TABLE 2. SUMMARY OF PARAMETER VALUES USED IN BROADBAND
SIMULATION PROCEDURE
Parameter

Fixed/variable

Rupture velocity

Slip dependent variation about fixed mean value Vr
(Eq. (4) in Section 3.2.3.1)

Subfault corner frequency

Fixed for a given region but depth dependent
(Eqs (5) and (6) in Section 3.2.3.2) in a region
dependent manner: z = 0.86 (SCR) and 1.6 (TCR)

Stress parameter

Fixed for a given tectonic region: 14.3 MPa (SCR) and
5 MPa (TCR)

Coherence of radiation pattern

Fixed but frequency dependent

Seismic velocities, densities and Q

Fixed layer structure for a given region

Site amplification

Fixed, based on Vs30

Source: See Refs [31, 32].
Note: Q — material damping factor; SCR — stable continental region; TCR — tectonically
active crustal region.

The following is general description of the parameters used in the
simulation procedure:
(a)
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Source:
(i) Event specific methods are used to prescribe:
—— Seismic moment;
—— Mechanism;
—— Hypocentre.

(b)

(c)

(ii) Region specific methods are used to prescribe:
—— Moment rupture area relations;
—— Stress parameter;
—— Rise time and corner frequency.
(iii) Rule based procedures are used to specify:
—— How rupture parameters (correlation of slip distribution,
average rise time and average rupture speed perturbations) scale
with moment;
—— Scaling with depth of rise time and rupture speed;
—— Rise time and corner frequency adjusted for buried thrust (aT);
—— Local rise time and rupture speed perturbations scale with
local slip.
Path: Region specific methods are used to prescribe:
—— Seismic velocities;
—— Density;
—— Q (material damping factor) of a crustal model that may be plane
layered (1-D, 2-D or 3-D).
Site: Site specific methods are used to prescribe:
—— Surface seismic velocities;
—— Density;
—— Kappa (material damping factor);
—— Shear modulus and damping as a function of strain level for
non-linear response.

3.2.3.4. Alternative hybrid methods
Alternative hybrid methods are proposed in Refs [32, 53, 97, 125, 126].
3.2.4. Composite source model
In the composite source method, the earthquake source is represented as a
superposition of circular subevents with a constant stress drop [54]. According
to Ref. [20]:
“The number of subevents and their radius follows a power law
[a Gutenberg-Richter relationship]. The heterogeneous nature of the
composite earthquake faulting is apparently characterized by the maximum
subevent size and the subevents’ stress drop, which are constrained
by independent geophysical data. The random nature of the heterogeneities
on a complex fault is simulated by distributing the subevents randomly
on the fault plane.”
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The subevents are allowed to overlap, and need to overlap in order to match
the seismic moment of the earthquake: “Rupture propagates from the initiation
point at a constant rupture velocity. Each subevent initiates the radiation of a
displacement pulse, calculated using a crack model” [20].
This differs from the asperity and hybrid source models described
in Sections 3.2.2 and 3.2.3, which assume a continuous slip function at each
point on the fault, and which use a very dense sampling of point sources on the
fault plane and coherent propagation of rupture across the fault plane to provide
a realistic representation of rupture directivity effects. Rupture directivity effects
are incorporated in the composite source model by the delays in the times
subevents are initiated. According to Ref. [20]:
“Wave propagation is modeled using analytical Green’s functions
calculated for a flat-layered medium.... The short-period components
of the Green’s functions are modified for the effects of random lateral
heterogeneity by adding scattered waves into the Green’s function
(Zeng, 1995) [127].... The solution is then further modified by propagating
the motions as vertically propagating plane waves through a near-surface
1D velocity profile. Thus, the complex high-frequency waveform of this
simulation procedure is generated from the combination of a heterogeneous
source, wave reverberation in a stratified shallow crustal structure, and
scattering from lateral heterogeneity.
“Linear site response may be directly incorporated in the Green’s function
computations. Similar to the Stochastic Ground Motion Model, inelastic
effects in the shallow site response are modeled using a simple inelastic
attenuation function (Hough and Anderson, 1988 [81]; Silva and
Darragh, 1995 [82]) that represents the absorption of seismic energy in the
shallow subsurface directly below the site.”
Alternatively, the model can find the motion for a stiff material layer
at the site, and then: “A ground response calculation may be used outside the
computation to accommodate nonlinear site response” [20].
3.2.4.1. Parameters of the composite source model that require specification
(a)
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Source: Seismic moment, fault length, fault width, strike, dip, depth of top
of fault, hypocentre, rupture velocity and the parameters of a probability
distribution for dimensions of circular patches of slip on the fault. The
probability distribution for dimensions of the circular patches may be used

(b)

(c)

to easily generate multiple realizations of the source model, allowing the
user to study the effects of alternative slip functions.
Path: Seismic velocities, density and Q (material damping factor)
of a crustal model that may be plane layered (1-D, 2-D or 3-D). The most
sensitive parameters are velocity gradients in the shallow and deep parts
of the crust (used directly to calculate Green’s functions).
Site: Surface seismic velocities, density and Q (material damping factor)
shear modulus and damping as a function of strain level for non-linear
response. The radiation from the subevents follows an omega-square
spectrum. Thus observed distance dependence of kappa and site specific
values of kappa-zero [81, 82] are ideally achieved when consistent values
of Q are used at depth and in the shallow layers, thus implementing the
model that kappa is a result of an omega-square source model modified
by attenuation. When that is not achieved, the seismogram can be adjusted
for the difference between the target and synthetic values of kappa, although
this adjustment is not the preferred approach.

3.3. VALIDATION OF SIMULATED GROUND MOTIONS
The ground motion simulation methods described in this Safety Report
have been tested and validated against recorded data. A method for engineering
applications should not only be based on well founded seismological models
of earthquake source, wave propagation, and site response, but should also have
demonstrated ability to match the ground motion characteristics of recorded
earthquakes that are of engineering interest. A method for quantifying the
goodness of fit between recorded and simulated ground motions was developed
by Abrahamson et al. [128]. The measurement of goodness of fit can be applied
to any ground motion parameter of interest, such as peak ground acceleration,
peak ground velocity, response spectral accelerations and duration. To date,
most goodness of fit measurements have used response spectral acceleration,
but measurements of waveform characteristics have also been proposed
(see Ref. [129]). Stewart et al. [20] described that the misfit, or residual, is
“computed as the difference between the logarithms of the observed and the
predicted intensity measure”, and explained that (footnote omitted):
“The effectiveness of a simulation procedure at predicting a particular
intensity measure is measured in terms of the misfit. The misfit is partly
due to the fact that seismological models implemented in any simulation
procedure are only approximations to the real physical processes.”
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In addition, errors in the estimated model parameters can give rise to misfit,
even if the seismological models are perfect.
The misfit between the estimated and actual ground motion parameters
is quantified by measuring the difference in response spectra of the recorded and
simulated ground motion time histories. For example, Graves and Pitarka [32]
described the validation of the simulation procedure against recorded ground
motions using formal goodness of fit methods. The following is based
on their work.
They compared the data and simulations using the model bias and standard
error for 5% damped spectral acceleration calculated from the broadband time
series (see Ref. [130]). For the j-th station, the residual between the observed and
simulated spectral acceleration at a period Ti is given by:
 O (T )
 j i 
rj (Ti ) = ln 

 S j (Ti ) 

(7)

where Oj(Ti) and Sj(Ti) are the observed and simulated values on a given
component, respectively. The model bias is then given by:
B(Ti ) =

1
N

∑ r (T )
j

i

(8)

j=1, N

and the standard error is given by:

1
s (Ti ) = 
 N


1 2
r (T ) − B(T ) 2 
i  
 j i

j=1, N

∑

(9)

where N is the total number of stations. Figure 9 shows the model bias and
standard error for the Loma Prieta simulation. For this comparison, they
computed separate measures for the horizontal components of motion oriented
in the fault parallel (128° azimuth) and fault-normal (218° azimuth) orientations
were computed, as well as their geometric mean (average horizontal). They only
considered sites in the near-fault region: that is, those located within one fault
length (40 km) of the rupture surface. There are a total of 36 sites within this
distance range. The comparisons shown in Fig. 9 exhibit little systematic model
bias across a wide frequency range.
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Note: (a) Panel is for the fault-parallel component; (b) panel is for the fault-normal component;
and (c) panel is for the average horizontal (geometric mean) component.
FIG. 9. Model bias (heavy line) and standard error (shaded region) for 5% damped spectral
acceleration using 36 sites for the Loma Prieta earthquake [32] (courtesy of the Seismological
Society of America).
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The difference between the recorded and simulated ground motions has
an average standard error of a factor of 1.8. This value is comparable to values for
empirical ground motion prediction models. This demonstrates that the predicted
motion at a given site may have significant variability (e.g. a factor of 1.8), even
though the bias (which represents the average misfit over all recordings) may
be quite small. The modelling variability, quantified by the bias and the standard
error of the model misfit, along with the parametric variability associated with
the model parameters for a future earthquake, contribute to the total uncertainty
of predicted motions when the simulation procedure is used to predict ground
motions for design. The treatment of uncertainties in simulated ground motions
are described further in Section 4.3.
3.4. FEATURES OF NEAR SOURCE GROUND MOTIONS:
RUPTURE DIRECTIVITY AND FLING STEP
3.4.1. Introduction3
Near fault ground motions are different from ordinary ground motions
in that they often contain strong coherent dynamic long period pulses and
permanent ground displacements. The coherent long period pulses are caused
by rupture directivity effects due to rupture propagation. An earthquake is a
shear dislocation that begins at a point on a fault and spreads at a velocity that
is almost as large as the shear wave velocity. The propagation of fault rupture
towards a site at a velocity close to the shear wave velocity causes most of the
seismic energy from the rupture that arrives at the site to occur in a large pulse
of motion early in the record [61, 132]. This pulse of motion represents the
cumulative effect of almost all of the seismic radiation from the fault to that site.
The radiation pattern of the shear dislocation on the fault causes this large pulse
of motion to be oriented in the direction perpendicular to the fault plane, causing
the strike normal component of ground motion to be larger than the strike parallel
component at periods longer than around 0.5 seconds. To accurately characterize
near fault ground motions, it is therefore necessary to specify separate response
spectra and time histories for the strike normal and strike parallel components
of ground motion.

3
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This section is based on Ref. [131].

Near fault recordings from recent earthquakes indicate that the directivity
pulse is a narrow band pulse whose period increases with magnitude, as expected
from the theory [62, 117, 133]. This magnitude dependence of the pulse period
causes the response spectrum an amplification around the pulse period, such that
the near fault ground motions from moderate magnitude earthquakes may exceed
those of larger earthquakes at intermediate periods (around 1 second).
Current models for predicting rupture directivity effects are summarized
by Spudich et al. [134]. The earthquake also generates static deformation of the
ground. The static ground displacements in near fault ground motions are caused
by the relative movement of the two sides of the fault on which the earthquake
occurs. The static deformation of the ground consists of a discontinuity
in displacement on the fault itself, and a gradual decrease in this displacement
away from the fault on either side of the fault. If there is surface faulting, the
static displacements are discontinuous across the fault at the ground surface,
constituting a primary seismic hazard. Even if the fault does not break the surface,
there is static deformation of the ground surface due to subsurface faulting. The
static ground displacements occur at about the same time as the large dynamic
motions, indicating that the static and dynamic displacements need to be treated
as coincident loads.
3.4.2. Orientation of dynamic and static near fault ground motions4
The top part of Fig. 10 schematically illustrates the orientations of dynamic
and static near fault ground motions. The strike-slip case is shown in map
view, where the fault defines the strike direction. The rupture directivity pulse
is oriented in the strike normal direction and the static ground displacement (‘fling
step’) is oriented parallel to the fault strike. The dip-slip case is shown in vertical
cross section, where the fault defines the dip direction; the strike direction
is orthogonal to the page. The rupture directivity pulse is oriented in the direction
normal to the fault dip, and has components in both the vertical direction and the
horizontal strike normal directions. The static ground displacement is oriented
in the direction parallel to the fault dip, and has components in both the vertical
direction and the horizontal strike normal direction.

4

This section is based on Ref. [131].
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Note: Top — Schematic orientation of the rupture directivity pulse and fault displacement
(‘fling step’) for strike-slip (left) and dip-slip (right) faulting. Bottom — Schematic
partition of the rupture directivity pulse and fault displacement between strike normal
and strike parallel components of ground displacement. Waveforms containing static
ground displacement are shown as dashed lines; versions of these waveforms with the
static ground displacement removed are shown as dotted lines.
FIG. 10. Directivity pulse and fling step.

The bottom part of Fig. 10 schematically illustrates the partition of near
fault ground motions into the dynamic ground motion, which is dominated by the
rupture directivity pulse, and the static ground displacement. For a strike-slip
earthquake, the rupture directivity pulse is partitioned mainly on the strike normal
component, and the static ground displacement is partitioned on the strike parallel
component. If the static ground displacement is removed from the strike parallel
component, very little dynamic motion remains. For a dip-slip earthquake, the
dynamic and static displacements occur together on the strike normal component,
and there is little of either motion on the strike parallel component. If the static
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ground displacement is removed from the strike normal component, a large
directivity pulse remains.
There need not be a strong correlation between the static and dynamic
components of near fault ground motion. For example, the 1989 Loma Prieta
and 1994 Northridge earthquakes both occurred on faults that did not break the
ground surface, so they produced very small static ground displacements, but
they did produce strong rupture directivity pulses. For this reason, the dynamic
and static ground motions need to be quantified in separate hazard analyses for
practical application at a site if the structure is sensitive to both dynamic ground
motions and static ground displacements.
3.4.3. Different strike normal and strike parallel components of
horizontal dynamic motions5
Somerville et al. [61] developed a model for the ratio of strike normal
to average horizontal motions caused by rupture directivity effects this model
was updated in Spudich et al. [134]. They found that this ratio depends
primarily on earthquake magnitude and rupture distance, while the dependencies
on faulting mechanism and site category were not found to be practically
significant. The ratio of strike normal to average horizontal motions is found to be
period dependent, and becomes significant for periods greater than 0.6 seconds,
indicating a transition from incoherent source radiation and wave propagation
conditions at short periods to coherent source radiation and wave propagation
conditions at long periods.
3.4.4. Incidence of the rupture directivity pulse6
Forward rupture directivity effects occur when two conditions are met: the
rupture front propagates towards the site; and the direction of slip on the fault
is aligned with the direction of wave propagation towards the site. The conditions
for generating forward rupture directivity effects are readily met in strike-slip
faulting, where the rupture propagates horizontally along strike either unilaterally
or bilaterally, and the fault slip direction is oriented horizontally in the direction
along the strike of the fault. However, not all near fault locations experience
forward rupture directivity effects in a given event. Backward directivity effects,
which occur when the rupture propagates away from the site, give rise to the
opposite effect: long duration motions having low amplitudes at long periods.

5
6

This section is based on Ref. [11].
This section is based on Ref. [11].
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The conditions required for forward directivity are also met in dip-slip
faulting. The alignment of both the rupture direction and the slip direction
updip on the fault plane produces rupture directivity effects at sites located
around the surface exposure of the fault (or its updip projection if it does not
break the surface). Unlike the case for strike-slip faulting, where forward rupture
directivity effects occur at all locations along the fault away from the hypocentre,
dip-slip faulting produces directivity effects on the ground surface that are most
concentrated in a limited region updip from the hypocentre.
3.4.5. Duration of near fault time histories7
Directivity effects induce systematic spatial variations of duration in near
fault ground motions. In general, the time history is compressed in time in the
forward directivity region, especially on the strike normal component, while
in the backward directivity region the time history is elongated in time. Brief
durations are a predictable feature of near fault ground motions unless there is the
potential for multiple rupture episodes on a complex fault system or there is the
potential for basin response to generate long durations.
Somerville et al. [61] developed an empirical model for the dependence
of duration on the location of the recording site in relation to the fault.
3.4.6. Response spectrum for design and analysis
In a scenario based analysis, the magnitude and its associated pulse period
Tp will be prescribed. In this case, it is appropriate to use a narrow band directivity
response spectral model for which there will be a peak in the response spectrum
corresponding to the value of Tp. In the probabilistic approach, the hazard will
consist of contributions from a range of earthquake magnitudes, which can
be identified from the deaggregation of the hazard. This magnitude distribution
can be used at assess whether it is preferable to use a narrow band model, suitable
for a narrow range of magnitudes, or a broadband model, suitable for a wider
range of magnitudes.
3.4.7. Selection of near fault time histories for design and analysis
Near fault time histories used for non-linear analyses of structures need
to reliably represent the non-stationary characteristics of the directivity pulse
in the time domain. It may not be sufficient to apply standard procedures to match

7
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This section is based on Ref. [11].

recorded or simulated accelerograms to the elastic response spectrum, even if the
spectrum modified to include near source directivity effects as described above.
If recorded time histories containing directivity pulses are available for the
directivity conditions at the site, it is preferable to use them. Otherwise, simulated
near fault time histories should be used, but their durations should be checked for
consistency with analogous recorded time histories.
In a scenario based analysis, the magnitude, distance, style of faulting and
directivity parameters are provided by the scenario, and the response spectrum
is provided by GMPEs. In most cases, the scenario should embody forward
rupture directivity effects, whose strength depends on directivity parameters
such as the angular separation between the slip direction on the fault and the
path to the site. In the probabilistic approach, the hazard can be deaggregated
to identify the predominant magnitude, distance and directivity parameters, and
the response spectrum is provided by the probabilistic seismic hazard analysis.
The deaggregation of the probabilistic hazard will indicate the proportion of time
histories that should contain forward rupture directivity effects.
Two additional parameters are important in the selection of candidate time
histories: the pulse period Tp and the peak ground velocity — both of which
can be calculated from the magnitude and distance using empirical relations.
Candidate ground motion records containing directivity pulses are available
in literature, and different classification schemes have been proposed for the
identification of pulse-like time histories.
3.4.8. Scaling and matching of near fault time histories
Scaling of ground motions to the design response spectrum should be done
over the broad range of 0.01–10 seconds, focusing on the period range around
the pulse period Tp. If spectrum matching techniques are applied, it is important
to preserve the pulse-like characteristic of the time history after matching.
This can be done using a qualitative visual check on the acceleration, velocity,
and displacement time history and the normalized energy summation curve
(HUSID diagram), or by using methods that quantify the parameters of directivity
pulses [62, 133].
An alternative approach is to extract the velocity pulse from the selected
record before spectral matching to a response spectrum that does not contain
directivity effect, and added the pulse back in to the record after scaling
it so that the combined response spectrum matches the response spectrum that
incorporates directivity.
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3.4.9. Orientation of components
The rupture directivity pulse is oriented in the strike normal direction,
so the response spectra and time histories should be specified separately in two
horizontal directions. If the fault geometry and the source mechanism are known,
the fault normal and fault parallel components can be applied in their natural
orientations, or rotated to the axis of the structure. Otherwise, they can be applied
in an arbitrary orientation.

4. EXAMPLES OF GROUND MOTION EVALUATION
BASED ON HETEROGENEOUS SOURCE MODELS
Section 4 provides some examples of ground motion evaluation based
on the heterogeneous source models. Section 4.1 shows an example based
on the SMGA/asperity model for the crustal earthquake, the subduction interface
earthquake and the intra-slab earthquake. Section 4.2 provides examples of ground
motion evaluation based on the hybrid source model, and Section 4.3 explains
the uncertainty treatment in the fault rupture modelling.
4.1. EXAMPLES OF PREDICTED GROUND MOTIONS BASED ON
THE SMGA/ASPERITY MODEL
This section shows examples of strong ground motions predicted for
a crustal earthquake, for a subduction interface earthquake, and for an intra-slab
earthquake based on the SMGA/asperity model.
4.1.1. Crustal earthquake
Figure 11 shows the fault model of a hypothetical earthquake of magnitude
around 8 caused by the Itoigawa-Shizuoka Tectonic Line [135]. In this fault
model, the fault length and the fault dip were assumed a priori based on the
results of geological surveys.
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FIG. 11. SMGA/asperity model of a hypothetical earthquake with a magnitude of around
8 caused by the Itoigawa-Shizuoka Tectonic Line (reproduced from Ref. [135] with permission).

Strong ground motions were predicted by a hybrid method composed of the
theoretical method [23] and the stochastic Green’s function method [131].
Figure 12 [135] shows the comparison between peak ground velocities
in the hypothetical M8 earthquake caused by the Itoigawa-Shizuoka Tectonic
Line and those from the GMPE [5]. The predicted peak ground velocities agree
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FIG. 12. Comparison between peak ground velocities from a hypothetical earthquake with
a magnitude of around 8 caused by the Itoigawa- Shizuoka Tectonic Line [135] and those from
the GMPE [5] (reproduced from Ref. [135] with permission).

well with the GMPE, indicating the consistency of the fault parameters with
those that underlie the extrapolation of the recorded data in the GMPE.
The small open circles show peak velocities at 12 450 points on every 1 km
mesh in the region 75 km wide in the east–west direction and 166 km long in the
north–south direction near the fault. The shortest distance from the fault is 4 km,
since the depth to the top of the fault is 4 km.
4.1.2. Subduction interface earthquake
Figure 13 shows the fault model of a hypothetical Miyagi-Ken Oki, Japan,
earthquake with a moment magnitude of 7.6 [136]. The model parameters such
as the stress drop and the geometry of SMGAs/asperities were identified by fitting
the simulated motions to the observed strong motion records The strong ground
motions were calculated by the stochastic Green’s function method [137].
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FIG. 13. Fault model of a hypothetical Miyagi-Ken Oki, Japan, earthquake with a moment
magnitude of 7.6 (reproduced from Ref. [136] with permission).

Figure 14 shows the comparison between the calculated ground motions
at Kaihoku Bridge in the hypothetical Miyagi-Ken Oki earthquake and the
observed ground motion in the 1978 Miyagi-Ken Oki earthquake [136]. The
agreement between the calculated motion and observed motion results from the
adjustment of the asperity location, asperity area and stress drop described above.
Based on the rupture model of the M7.6 the Miyagi-Ken Oki earthquake
(see Fig. 13), Dan et al. [138] developed a fault model for a larger earthquake
with a moment magnitude of 8.2. The Tohoku Electric Power Company adopted
this model for assessing the design input earthquake ground motions for nuclear
power plants as shown in Fig. 15 [139]. The validation of this modelling
procedure was later shown by comparing the ground motions predicted based
on this model with the records in the 2011 Tohoku earthquake with a moment
magnitude of 9.0 (see Fig. 16) [140].

FIG. 14. Comparison between the calculated ground motions at Kaihoku Bridge
in the hypothetical Miyagi-Ken Oki earthquake and the observed ground motion in the 1978
Miyagiken Oki earthquake (reproduced from Ref. [136] with permission).
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FIG. 15. SMGA/asperity model for the Miyagi-Ken Oki earthquake with a moment magnitude
of 8.2 (reproduced from Ref. [139] with permission).

FIG. 16. Response spectrum comparison of evaluated ground motions (black) with the seismic
ground motions (blue) observed during the Tohoku earthquake (reproduced from Ref. [140]
with permission).
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4.1.3. Intra-slab earthquake
An intra-slab earthquake occurred at Miyagi-Ken Oki in 2003, and several
SMGA/asperity models that reproduce the strong ground motion records
were proposed.
Figure 17 shows one of the proposed SMGA/asperity models [57] for the
2003 Miyagi-Ken Oki intra-slab earthquake, which had a seismic moment M0 of
3.49 × 1019 N·m. The area of the SMGAs/asperities SSMGA was estimated using
Eq. (27), in Appendix I, and the short period level A by Eq. (28), in Appendix I.
The entire fault area S, the average stress drop Δσ, and the stress drop on the
SMGA/asperity were calculated using Eqs (29)–(31), in Appendix I.
A number of locations of the fault model were considered in order
to compare the synthesized results with the attenuation relation equation for
intra-slab earthquakes. Figure 18 shows the locations of the fault models
numbered Nos 1–35.

FIG. 17. Example of an SMGA/asperity model with the averaged source characteristics
of intra-slab earthquakes (reproduced from Ref. [57] with permission).
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FIG. 18. Fault locations from Nos 1–35 for strong motion simulation (reproduced from
Ref. [57] with permission).

Strong ground motion time histories were computed at the basement
(GL−14 m) of KiK-net station Shizugawa by the empirical Green’s function
method [141]. Figure 19 compares the synthesized results and the GMPE
of Ref. [5] modified based on the attenuation correction factor [142]. The solid
triangles in Fig. 19 indicate larger ground motion caused by rupture directivity
effects from faults Nos 1–15. It was found that the computed and observed peak
velocities are slightly larger than that the ones predicted by the GMPE.
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Note: ▲ = Nos 1–15, ＊ = Nos 16–20, ▽ = Nos 21–35, ■ = observed.
FIG. 19. Peak velocities of strong motions at the basement (GL−14 m) of KiK-net Shizugawa
for the SMGA/asperity model in Fig. 14 (reproduced from Ref. [57] with permission).

4.2. EXAMPLES OF GROUND MOTION EVALUATION BASED ON THE
HYBRID METHOD
Graves and Pitarka [32] provided examples of the application of their
hybrid model to the simulation of ground motions recorded in several earthquakes
in 2010. As an example, results for the 1989 Loma Prieta, California, earthquake
are introduced here. Figure 20 shows a projection of the fault rupture at surface
and ground motion observation sites. The site conditions range from United States
National Earthquake Hazard Reduction Program categories BC to D [11, 143].
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Note: The rectangle indicates the surface projection of the fault with the heavy line denoting
the top edge. The star is the epicentre and the triangles are recording stations analysed
in the study. Generalized surface geology follows the classification of Wills et al. [143]:
white contains classes B, BC, and C; dark shading is CD; and light shading is class D.
FIG. 20. Map of the model region used for the Loma Prieta earthquake simulation [32]
(courtesy of the Seismological Society of America).

As shown in Fig. 21, the fault geometry and rupture initiation followed the
model by Wald et al. [144] and the seismic moment of 1.83 × 1019 N·m was
adopted. The 3-D Bay Area Velocity Model, by the United States Geological
Survey (version 08.3.0), was used as basis for the simulation with a mid-crustal
reflector. The Moho discontinuity and upper mantle structure were considered.
For the low frequency component, the model was discretized with a grid size
of 0.1 km intervals for the lowest shear wave velocity down to 0.5 km/s. For
the high frequency component, the average 1-D velocity model near surface was
evaluated from soil profiles of the individual observation stations to constrain
Vs30 to 865 m/s.
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Note: (a) Panel shows slip distribution with rupture front contours at 1 second intervals
superimposed. (b) Panel shows distribution of slip rise time. (c) Panel shows distribution
of rake. Triplet of numbers at top right of each panel indicates the minimum, mean and
maximum values of the given distribution, respectively.
FIG. 21. Kinematic rupture model developed for the Loma Prieta earthquake [32] (courtesy
of the Seismological Society of America).

Comparison between the observed and simulated ground motions of velocity
was indicated in Fig. 22 for the five sites mapped in Fig. 20. In the short distance
from the fault (‘lgpc’ and ‘cor’ in Fig. 20), the duration of the motions can
be short and pulse-like, particularly at ‘lgpc’, strong rupture directivity effect can
be seen in the fault-normal (218° azimuth) component. At ‘cor’, the nearest to the
rupture initiation consist of rich high frequency phases with similar amplitude
in both fault-normal and fault-parallel component. At ‘agnw’, ‘gil4’ and ‘sali’
(in Fig. 20), there are later phases that are also dominant in the observations with
lower frequency components.
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Note: Horizontal components have been rotated into fault parallel (128° azimuth) and faultnormal (218° azimuth).
FIG. 22. Comparison of recorded (black) and simulated (red) broadband three component
ground velocity waveforms at five selected sites for the Loma Prieta earthquake [32] (courtesy
of the Seismological Society of America).

The distribution of both simulated and observed peak ground accelerations
and velocities were compared in Fig. 23 with the closest distance to the fault
plane, and a fairly good prediction by the simulation can be seen. In order
to evaluate effect of the near surface structure, the ratio between observed
and simulated peak values were indicated above and below 400 m/s of Vs30,
respectively. Systematic trend beyond 60 km can be seen, where most of the sites
are located around San Francisco and the simulation might underestimate the
basin effect.
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Note: Panels (a, c) show absolute ground motion values (recorded as crosses, simulated as
circles) and panels (b, d) show the residuals of the recorded and simulated values in
natural log units. For residuals, sites have been separated into two groups based on Vs30.
PGA — peak ground acceleration PGV — peak ground velocity.
FIG. 23. Comparison of recorded and simulated PGA (a, b) and PGV (c, d) plotted as functions
of closest distance to the fault surface for the Loma Prieta earthquake (c, d).

In the long distance area, simulated motions were underpredicted.
As pointed out by previous studies (see Ref. [145]), larger amplitudes were
observed in this area owing to the influence of Moho reflection of seismic wave
propagation. Although the simulation took account of Moho reflections, ground
structure model may have still some deficiencies, so that it did not reach the
increase of 35% and 15% for peak ground acceleration and peak ground velocity,
which had been estimated for the Moho reflections [146].
The bias of the simulation is evaluated by using a method of
Abrahamson et al. [147] for nearby fault as shown in Fig. 9, in Section 3.3. The
standard deviation for the spectral acceleration is in the range of around 0.5 in the
natural logarithmic scale, which is equivalent to the bias of GMPEs.
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4.3. UNCERTAINTY IN GROUND MOTION PREDICTION USING
FAULT RUPTURE MODELLING
A comprehensive representation of the uncertainty of the ground motion
prediction is essential for the seismic hazard assessment. The parameters that
need to be specified include the median value (µ) of the ground motion parameter,
the scatter (σ) about the median value, and the uncertainty in each of these two
values (σµ and σσ). Two different types of uncertainty are used in different ways
in seismic hazard analyses. Epistemic uncertainty is due to incomplete knowledge
and data, and can in principle be reduced by the collection of additional
information. Aleatory randomness is due to the inherently unpredictable nature
of future events, and cannot be reduced. The total uncertainty can be evaluated
by the combining epistemic and aleatory compositions. The epistemic uncertainty
is usually represented by alternative branches on a logic tree, leading to alternative
hazard curves, and affects the median hazard curve. Each hazard curve integrates
over the aleatory component, which contributes to the uncertainty band about the
hazard curve.
When fault rupture models are used to simulate ground motions, the total
uncertainty is partitioned into modelling and parametric components that each
contain epistemic and aleatory components [72]. The discrepancy between
simplified modelling and the actual complicated process can be expressed
as modelling uncertainty, whereas the discrepancy between the assumed model
parameters and unknown accurate parameters for future earthquakes can
be expressed as parametric uncertainty [147]. Parametric uncertainty represents
the uncertainty in the values of the model parameters for future earthquakes [147].
The total uncertainty for the ground motion simulations can be evaluated by the
combination of the modelling and parametric compositions. These two partitions
of uncertainty are represented in matrix form in Table 3.
In the inversion of earthquake rupture models using strong motion and
other data, strong correlations are usually found between the various source
parameters such as rupture velocity and rise time. However, these parameters are
often treated as being independent when the parametric uncertainty is estimated,
causing overestimation of the parametric uncertainty.
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TABLE 3. PARTITION OF UNCERTAINTY IN GROUND MOTION
PREDICTION MODELS
Epistemic (σμ, σσ)
Modelling

σμ: Uncertainty in the true bias of the
model

Aleatory (σ)
σm: Unexplained scatter due to physical
processes not included in the model

σσ: Uncertainty in estimate of σm
Parametric

σμ: Uncertainty in median values of
source and path parameters
σσ: Uncertainty in probability
distributions of parameters

σp: Event to event variation in source
and path specific parameters of the
model

Source: See Ref. [72].

As an example of total variability of prediction using the hybrid
Green’s function procedure, the variability for a magnitude 8 subduction
earthquake is shown in Fig. 24 [148]. Four source parameters — slip distribution,
hypocentre location (rupture initiation point), rupture velocity and rise time —
are varied to estimate the parametric variability. The variability in the response
spectrum due to each parameter was calculated with the other parameters
fixed. The combined parametric variability is obtained by directly combining
the variability arising from individual parameters, thus neglecting correlations
between the effects of these four parameters. Global variability is derived from
the whole set of simulations. The fact that global parametric variability is higher
than the combined parametric variability suggests the presence of correlation
between the effects of the four source parameters. The total variability of ground
motion prediction is obtained by combining the modelling variability and the
global parametric variability.
The partition of uncertainty between modelling and parametric uncertainty
depends on the parameterization of the particular ground motion model being
used. For example, if the stress drop is not a parameter of the model, then actual
variations in ground motions due to differences in stress drops are included
as an aleatory component of the modelling uncertainty. If the stress drop is a
parameter in the model, then it can have both epistemic and aleatory components
(i.e. uncertainty in the median stress drop of earthquakes, and the variability
in stress drops about the median value).
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Note: Also shown are the partial standard error due to parametric variability of slip model,
hypocentre location, rupture velocity and rise time, and the combination of these
standard errors assuming no correlation between them.
FIG. 24. Overall standard error of hybrid Green’s function simulation procedure
(modelling + parametric), and its contributions from global parametric standard error and
modelling standard error (reproduced from Ref. [148] with permission).

In treating parametric uncertainty, some parameters can be evaluated
accurately by detailed geological and seismological survey. Others need
to be calculated from other parameters, and their uncertainty comes from
the uncertainty in other parameters. Some examples of uncertainty treatment
are described as follows. In the SMGA/asperity model, the seismic moment
is evaluated from the fault area, as shown in Figs 30 and 31, in Appendix I. The
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figures show that empirical relations between the seismic moment and the fault
area are subject to a large amount of random variation. This should be taken into
account in considering the uncertainty in the seismic moment.
The short period level is evaluated from the seismic moment, as shown
in Fig. 32, in Appendix I. The figure shows that the empirical relation between
seismic moment and the short period level also has a large amount of random
variation. Cotton et al. [149] showed that a lognormal distribution of a stress
drop with a sigma of 0.5 produced peak ground accelerations whose variance
corresponds to the variance of the peak ground accelerations estimated
by empirical GMPEs. Because their stress drop was the Brune’s type stress
drop [73], the short period level is proportional to the square of the cube root
of the stress drop with the seismic moment preserved.
The location and number of the SMGAs/asperities can be estimated if the
detailed slip distribution along the fault trace on the surface is well identified
by geological survey [150]. However, it is generally difficult to know the detailed
slip distribution along the fault trace on the surface, so various locations of the
SMGAs/asperities should be assumed, including the vicinity of the site. Several
locations of the rupture initiation point should be assumed when the location
of the rupture initiation point cannot be identified.
4.4. EXAMPLES OF UNCERTAINTY TREATMENT
This section describes examples of uncertainty treatment in the ground
motion assessment for an actual nuclear power plant. Figure 25 shows
various SMGA/asperity models for the Yokohama fault near Higashidori
nuclear power plant in eastern Japan [151]. The length of the Yokohama
fault is 15.4 km. Figure 25(a) shows a basic SMGA/asperity model of case 1,
which describes one of the most probable fault rupture scenarios. Figure 25(b)
shows an SMGA/asperity model of case 2 with a different rupture initiation
point from that in case 1. Figures 25(c–e) show SMGA/asperity models
of cases 3–5 with a different locations of the SMGA/asperity, a different stress
drop (1.5 times larger) on the SMGA/asperity, and a different dip angle from
those in case 1, respectively.
Figure 26 shows the simulated ground motions for the Yokohama
fault [151]. The peak ground accelerations are 248.0, 204.0, 209.9, 297.6 and
243.2 Gal (= 1 cm/s2) for cases 1–5, respectively. It was found that the largest
influence comes from the different stress drop on the SMGA/asperity in this
ground motion assessment.
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FIG. 25. Various SMGA/asperity models for the Yokohama active fault near Higashidori
nuclear power plant in eastern Japan (reproduced from Ref. [151] with permission).

FIG. 26. Simulated ground motions for the Yokohama active fault near Higashidori nuclear
power plant in eastern Japan (reproduced from Ref. [151] with permission).
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5. CONCLUSIONS
This Safety Report explains the principles that underlay strong ground
motion simulation, describes various methods for simulating strong ground
motions, and shows some examples of ground motion simulations using two
of these methods. The methodology and the examples in this report can be applied
to fault rupture modelling for seismic hazard assessment in site evaluation for
nuclear installations.
5.1. ADVANTAGES AND DISADVANTAGES OF DIFFERENT
APPROACHES
The simplest seismologically based strong motion simulation method is the
stochastic method [28]. The stochastic method is most appropriate at short periods
(below around 1 second) where ground motions display stochastic characteristics.
The stochastic method is used to simulate high frequency ground motions
in broadband ground motion simulation procedures, including the asperity
model and the hybrid model. At longer periods, the stochastic method generally
produces ground motions that are deficient because some implementations of the
stochastic method do not consider earthquake source properties (such as radiation
pattern) and do not use Green’s functions to describe seismic wave propagation,
so the stochastic method is only suitable for high frequency.
The asperity model and hybrid model have several advantages over the
stochastic method [152]:
“By using scaling relations for earthquake source parameters in conjunction
with the elastodynamic representation theorem, the procedure can be used
to construct ground motion time histories without resorting to assumptions
about the shape of the source. The Green’s functions that are used
in this procedure can be calculated from known crustal structure models,
facilitating the use of the procedure in regions where recorded data are
sparse or absent.”
However, these two methods require the specification of more source and
wave propagation parameters than does the stochastic method. The composite
source model also uses calculated Green’s functions and generates broadband
ground motions.
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5.2. ROLES OF GROUND MOTION SIMULATIONS AND GMPEs
There are two common uses of simulated ground motions in current nuclear
installation engineering practice. First, they are used as input time histories
for dynamic structural analysis, in which the modelling of non-linear response
requires a time-domain approach. Second, they are used in the development
of response spectral ground motion prediction models analogous to the GMPEs
that are derived from recorded ground motions models. It is in this second area
of application that the simulated spectral ground motions and GMPEs have
overlapping roles.
In the second area, two practices are already applied in the seismic hazard
evaluation for nuclear installations. The first case is the ground motion simulation
at short distance from fault rupture of large seismic sources. In a high seismicity
region such as Japan, the ground motion evaluation by empirical GMPEs are
not reliable because the GMPEs are usually determined from observed ground
motions and the number of observation in this region is not enough to determine
the equations. Physical basis simulations may be better than the extrapolation
of the GMPEs in this region. The second case is the use of the simulated ground
motion to determine the GMPEs as the data, instead of the observed ground
motion. In low seismicity regions, such as in Central and Eastern United States
of America, the determination of the regional empirical GMPE is impossible with
only sparse observed data. The simulated motions might represent the regional
source and crustal characteristics for the determination of the GMPEs.
Recent GMPEs are also parameterized with rupture directivity effects,
hanging wall effects, non-linear magnitude scaling and seismic wave propagation
distinction (e.g. high and low Q zone, Moho reflection and deep basin effects),
among others. However, they are constrained with still sparse observed data. The
simulated ground motions have an advantage of the physical basis to evaluate
these effects. On the contrary, the simulation may need calibration by comparing
with the predicted motions by the empirical GMPEs (and/or the observed ground
motions if applicable). Both schemes of the simulation and the GMPE have
no controversial role and complement each other.
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Appendix I
ESTIMATION OF FAULT PARAMETERS FOR
THE SMGA/ASPERITY MODEL
This appendix explains how to estimate the fault parameters describing the
SMGA/asperity model introduced in Section 3.2.2. Since the specific procedure
coexist with the common procedures in evaluating the fault parameters for the
crustal earthquakes, the subduction interface earthquakes and the intra-slab
earthquakes, the estimation of the fault parameters is described for each
earthquake category in the following sections. A detailed procedure for the
SMGA/asperity model is explained by National Research Institute for Earth
Science and Disaster Prevention [153].
I.1. FAULT PARAMETERS FOR CRUSTAL EARTHQUAKES
Figure 27 shows four steps in evaluating fault parameters of crustal
earthquakes. The procedure is explained in the following.
I.1.1.

Estimation of identified faults

The geometry of the surface traces of active faults are identified
by geomorphological investigation, geological survey, geophysical investigation,
seismological data and geodetic data. For ground motion prediction, a subsurface
fault that combines the largest number of surfaces traces is assumed to be the
largest identified fault, which is then divided into several segments, each
of which has one or two SMGAs/asperities (see Fig. 28) [154]. Similar concepts
are proposed by Sibson [155] and Wesnousky [156].
Since it is difficult to choose which segments rupture during the same
earthquake, all possible combinations of rupture segments are assumed.
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FIG. 27. Flow of evaluating fault parameters of the SMGA/asperity model for predicting
strong ground motions from crustal earthquakes.
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FIG. 28. Relationship of fault traces on the surface explored by geological survey and
earthquake segments in the seismogenic zone for predicting strong ground motions (reproduced
from Ref. [154] with permission).

I.1.2.

Evaluation of outer fault parameters

I.1.2.1. Fault length, width and depth
The fault length is evaluated from the geometry of the earthquake
segments. The fault width is constant for larger earthquakes because it is assumed
to be limited by the thickness of the seismogenic layer, as shown in Fig. 8,
in Section 3.2.2.4. Irikura and Miyake [50] proposed the following relationship
between the fault length L and the fault width W (see Fig. 29):
W = L


W = Wmax


(L < Wmax )
(L ≥ Wmax )

(10)

where
Wmax = Ws/sin δ
δ
Ws = Hd − Hs
Hd

is the maximum value of the fault width;
is the dip angle measured from the horizontal surface;
is the thickness of the seismogenic zone;
is the depth of the deepest part of the seismogenic zone;

and Hs is the depth of the shallowest part of the seismogenic zone, which is often
determined by the depth distribution of micro-earthquakes or the velocity profile
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FIG. 29. Fault length and width of crustal earthquakes.

of the crust. The data in Fig. 29 are taken from Ref. [157] and are classified into
two groups by two straight lines, while the data in Fig. 8, in Section 3.2.2.4, are
classified into three groups by three straight lines for crustal earthquakes caused
by strike-slip faults.
The fault model is confined to the seismogenic layer, and does not extend
into the shallower layer because dynamic fault rupture simulation shows that
little stress drop is observed in the upper several kilometres even though rupture
occurs in it [158].
I.1.2.2. Seismic moment and averaged slip
The seismic moment is evaluated from the fault area by empirical equations.
Figure 30 shows the following relationship between the seismic moment M0 and
the fault area S proposed by Somerville et al. [35]:
S km 2  = 2.23×10 −15 ×(M 0 [ dyne ⋅ cm ])



where 107 dyne·cm = 1 N·m.
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2/3

(11)

FIG. 30. Seismic moment and fault area of crustal earthquakes.

Empirical Eq. (11) was obtained from source inversion results of past
large earthquakes, but the database did not include large earthquakes with the
magnitude of around 8. More recently, Leonard [159] has developed self-similar
relations that are similar to that found in Ref. [35].
The fault area is systematically smaller than that derived from Eq. (11) for
larger earthquakes if the data of Abe [160] and Wells and Coppersmith [157]
are included. Hence, the following empirical equation proposed by Irikura and
Miyake [50], shown in Fig. 31, is adopted for larger earthquakes with larger areas:
S km 2  = 4.24×10 −11 ×(M 0 [ dyne ⋅ cm ])



1/ 2

(12)

Empirical Eq. (12) can be applied to the range of the seismic moment
between 7.5 × 1018 N·m to 1.0 × 1021 N·m, based on the data used in the analysis.
Equation (12) cannot be applied to very large crustal earthquakes on very long
faults. For very long faults, a new procedure for evaluating fault parameters has
been developed by Dan et al. [161, 162].
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FIG. 31. Seismic moment and fault area of crustal earthquakes including larger earthquakes.

In the case that multiple segments rupture at once, the total seismic moment
is evaluated by empirical Eqs (11) or (12) from the total area of the segments. The
entire seismic moment is distributed to each segment by the following equation
so that the averaged stress drop on each segment should be uniform:

M 0i =

M 0S i1.5

∑S

1.5
i

(13)

where M0i is the seismic moment of the i-th segment and Si is the fault area of the
i-th segment.
The average slip D is evaluated from the total seismic moment by:

D=

M0
mS

where µ is the shear rigidity at the source.
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(14)

I.1.2.3. Short period spectral amplitude level
The short period spectral amplitude level A can be estimated from ground
motion records on rock, which is not affected by the amplification of the surface
layer, or from those at site where the amplification of the surface layer is evaluated
quantitatively. In the case that the short period level cannot be estimated from
records, it can be evaluated by the following empirical equation from the seismic
moment proposed by Dan et al. [92] (see Fig. 32):
A dyne ⋅ cm / s 2  = 2.46×10 17 ×(M 0 [ dyne ⋅ cm ])



1/ 3

(15)

Similar empirical equations are proposed by Hanks and McGuire [84] and
Atkinson and Hanks [163].

FIG. 32. Seismic moment and short-period level of crustal earthquakes, indicated by the open
symbols, and subduction interface earthquakes, indicated by the solid symbols (reproduced
from Ref. [92] with permission).
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I.1.3.

Evaluation of inner fault parameters

I.1.3.1. Location and number of SMGAs/asperities
The location of the SMGA/asperity is one of the most important modelling
parameters because the results of ground motion simulations are sensitive
to the relative location of the SMGA/asperity and rupture initiation point.
Sugiyama et al. [150] showed that the region where large slip was observed [164]
corresponded to the location of the SMGAs/asperities on the fault [165]. Hence,
if the detailed slip distribution along the fault trace on the surface is well known
from geological surveys, it may be possible to estimate the location of the
SMGAs/asperities. However, it is generally difficult to know the detailed slip
distribution along the fault, so various locations of the SMGAs/asperities should
be assumed, including ones in the vicinity of the site.
The average number of SMGA/asperities in an earthquake is around 2.6.
It becomes larger as the size of the earthquake becomes larger, according to the
compiled results of strong motion inversions for past crustal earthquakes [35]. For
example, the 2000 Tottori, Japan, earthquake (MW 6.8) has two SMGAs/asperities,
the 1995 Kobe, Japan, earthquake (MW 6.9) has three SMGAs/asperities, while the
1999 Kocaeli, Turkey, earthquake (MW 7.4) has five SMGAs/asperities, and the
1999 ChiChi, Taiwan, earthquake (MW 7.6) has six SMGAs/asperities [166, 167].
Based on these observations, one or two SMGAs/asperities are assumed
in each segment.
I.1.3.2. Area of combined SMGAs/asperities
The area of combined SMGAs/asperities can be evaluated by the following
equation, obtained from Eqs (2) and (3), in Section 3.2.2.4:
S SMGA =

16pb 4S 2∆s 2
A2

(16)

Studies have shown that the ratio of the area of the combined
SMGAs/asperities to that of the entire fault is 22% [35] or 15–27% [167] in the
crustal earthquakes. These values are not constraint condition for evaluating
the area of the combined SMGAs/asperities, but are important indices. In the
case that a segment has two SMGAs/asperities, the ratio of 16:6 can be applied
to assigning the area to each SMGA/asperity [35].
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I.1.3.3. Average slip on SMGAs/asperities and that on background
The averaged slip on the SMGAs/asperities DSMGA can be evaluated by the
following equation from the averaged slip on the entire fault D obtained for the
crustal earthquakes [35]:
(17)

DSMGA = 2 D

The average slip in the background can be evaluated from the seismic
moment of the background M0back, which is calculated from the total seismic
moment M0 and the seismic moment of the SMGAs/asperities M0SMGA, and the
area of the background Sback as follows:
Dback =

M 0 back
m S back

M 0 back = M 0 − M 0SMGA
M 0SMGA = m DSMGA S SMGA

(18)

The average slip on each SMGAs/asperity DSMGAn can be evaluated by the
following equation based on self-similarity:


 g n 
 DSMGA
DSMGAn = 
g n3 


∑

(19)

where
γn
rn = (SSMGAn/π)0.5

is rn/r;
is the equivalent radius of the n-th SMGA/asperity;

and r = (SSMGA/π)0.5 is the equivalent radius of the combined SMGAs/asperities.
If the average slip on the largest SMGA/asperity evaluated by Eq. (19)
is not consistent with the slip obtained by trench exploration, the proportionality
constant 2 in Eq. (17) should be re-examined.
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I.1.3.4. Stress drop on SMGAs/asperities and effective stress on background
The stress drop on the SMGAs/asperities can be evaluated by:
∆s SMGA =

A2
16pb 4S∆s

(20)

Equation (20) is obtained from Eqs (2) and (3), in Section 3.2.2.4.
Dalguer et al. [168] showed that the effective stress on the SMGA/asperity
σSMGA is almost the same as the stress drop on the SMGA/asperity ΔσSMGA. In the
case of multiple SMGAs/asperities, the stress drop on each SMGA/asperity
is generally assumed to be constant, and equal to ΔσSMGA.
Dan et al. [56] showed the following proportionality relationships and the
approximate relationship:
 effective stress ∝ slip velocity ∝
 rise time ≈

slip
;
rise time

fault width

(2× rupture velocity )

.

Based on these relationships, and when there is only one SMGAs/asperity
in each fault segment, the effective stress in the background area σback can
be evaluated by:
D
 D

s back =  back  SMGA s SMGA

 Wback  WSMGA 

(21)

When the number of the SMGAs/asperities in each fault segment is two
or greater σback can be evaluated by:
D
 p 1/ 2 
r
s back =  back 
 Wback  DSMGA 

∑g

3
i s SMGA

(22)

Here, WSMGA is the width of the SMGA/asperity and Wback is the width
of the background area. Wback is often assumed to be equal to the width of the
entire fault W.
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I.1.3.5. fmax
It is known that ground motion acceleration spectra generally decrease
at frequencies above a certain frequency called fmax [83, 169]. It is unclear
whether fmax is caused by source or path effects. The value of 6 Hz in the
1995 Kobe, Japan, earthquake [170] is often adopted as fmax, and in the ground
motion simulations for this earthquake is considered as a source effect. The
validity of fmax value adopted in source modelling should be confirmed by actual
records or empirical ground motion prediction models.
I.1.3.6. Slip velocity time function
The slip velocity time function is proposed by Nakamura and Miyatake [94]
based on the dynamic simulation of fault rupturing as follows:
 2Vm 
t 


t 1 −
2t d 
 t d 

b
V (t ) = 
 t − e

c − a r (t − t r )

0

0 < t ≤ tb
tb < t ≤ tr

(23)

tr < t ≤ ts
t ≤ 0, t s < t

where

e=

(5t b − 6t d )
4 (1 − t d t b )

t 
t 
1 2
b = 2Vm  b (t b − e ) 1 − b 


 t d 
2t d 
c=

b

(t r − e )

ar =

12

c
ts − tr

t r : (t s − t r ) = 2 : 1
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The three parameters of the peak velocity Vm, the time td from the beginning
of the slip to the peak velocity, and the rise time tr are evaluated by:
Vm =

∆s (2 f cWSMGAVr )
m

1/ 2

(24)

td ≈

1
p f max

(25)

tr ≈

W
2Vr

(26)

Here, fc is the corner frequency for the low pass filter, and it is assumed to be
equivalent to fmax. WSMGA is the width of the SMGA/asperity, Vr is the rupture
propagation velocity, and tb is automatically calculated by using the final slip
in Eq. (23). Figure 33 shows an example of the slip velocity time function [94].
Similar slip velocity time functions are proposed by Day [93] and Tinti et al. [96].

FIG. 33. Example of modelling of the slip velocity time function (reproduced from Ref. [94]
with permission).
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I.1.4.

Evaluation of extra fault parameters

I.1.4.1. Rupture initiation point
Nakata et al. [98] showed typical examples in which branching points
of strike-slip faults do not become rupture initiation points (see Fig. 34). For
dip-slip faults, no specific relationships are found between the branching
geometry and the rupture initiation point. Since the location of the rupture
initiation point affects the predicted strong ground motions, several locations
of the rupture initiation point should be assumed when the location of the rupture
initiation point cannot be identified.
Somerville et al. [35] and Kikuchi and Yamanaka [171] showed the
tendency for the rupture initiation point to be located away from asperities.
Kikuchi and Yamanaka [171] also showed the tendency for the rupture
to propagate from deeper to shallower parts of the fault in crustal strike-slip
earthquakes. Mai et al. [172] concluded that hypocentres of crustal earthquakes
are often located close to, but not within, asperities.
According to Kame et al. [173], branching of rupture from one fault
to another can only occur under certain conditions. Poliakov et al. [174] showed
that the propensity of the rupture path to follow a fault branch is determined
by the pre-existing stress state, branch angle and incoming rupture velocity at the
branch location. The predictions of the model by Kame et al. [173] used the
following three parameters:
—— ψ is the angle between the direction of maximum compressive stress (Smax)
and the fault strike;
—— φ is the angle between the main fault and the branch fault;
—— Vr is the rupture velocity (expressed as a fraction of the shear wave velocity).

FIG. 34. Relationships of the branching geometry and the rupture initiation point in strike-slip
faults (reproduced from Ref. [98] with permission).
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As shown in Fig. 35, values of ψ > 45° generally favour branch faulting
on the extensional side of the main fault, while values of ψ < 45° generally favour
branch faulting on the compressional side of the main fault.

Note: (a) Fault normal precompression is dominant, ψ > 45°, allowing rupture to continue
along bend paths primarily to the extensional side. (b) Fault parallel precompression
is dominant, ψ < 45°, allowing rupture to continue along bend paths primarily to the
compressional side. The grey zones indicate the angle range where the initial shear
stress is larger than the frictional resistance.
FIG. 35. Qualitative prediction of the directions over which the larger scale prestress states
favour right-lateral shear along bend paths (reproduced from Ref. [173] with permission).
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I.1.4.2. Rupture propagation mode
The rupture propagation mode is defined from observations. Where such
information does not exist, it is assumed to be radial from the rupture initiation
point. When there are multiple rupture segments, the rupture front is often
assumed to propagate from the point in each segment where the rupture front from
the neighbouring fault segment arrives first. In the case when the neighbouring
segments are separated, the rupture time delay can be evaluated using either
the rupture propagation velocity in the two separated segments, or the shear
wave velocity (reflecting shear strain propagation) of the material between the
two segments.
I.1.4.3. Rupture propagation velocity
The rupture propagating velocity Vr is assumed to be 0.6–0.8 times the
shear wave velocity if there are no direct measurements [175].
I.2. FAULT PARAMETERS FOR SUBDUCTION INTERFACE
EARTHQUAKES
Several procedures used for estimating the fault parameters of the
SMGA/asperity model for crustal earthquakes can also be applied to subduction
interface earthquakes. Hence, only the procedures that are different between
crustal earthquakes and subduction interface earthquakes are explained
in this section.
I.2.1.

Estimation of identified faults

The location and geometry of faults activated during subduction interface
earthquakes are usually estimated from the plate boundaries and rupture zone
of past earthquakes.
I.2.2.

Estimation of outer fault parameters

I.2.2.1. Depth and fault area
The estimated depth and fault area should be consistent with the plate
boundary geometry and location of small earthquakes. Seismic faults estimated
for the past earthquakes are also important information.
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I.2.2.2. Seismic moment
The seismic moment can be evaluated from the assumed fault area.
When data from past earthquakes are available, it is possible to develop a local
relationship between the fault area and the seismic moment. In areas with scarce
information empirical equations developed for other areas that relate fault area
and magnitude [176] or fault area and seismic moment [177–180] are used.
However, it is crucial to pay attention to the methodology used to estimate the
fault area of earthquakes in the database.
I.2.3.

Evaluation of inner fault parameters

It has been found that the location of asperities with large slip does not
vary during repeated earthquakes. An example of such observation is shown
in Fig. 36 [181]. Consequently, it may be possible to accurately locate the
SMGAs/asperities of future earthquakes in regions with repeated earthquakes.
The back slip distribution on the plate boundary can be used to locate
the SMGAs/asperities because the coupling rate is thought to be higher on the
SMGAs/asperities than on the background. Here, the back slip is the amount
of movement of the continental plate relative to the subducting oceanic plate
during the period between earthquakes. This amount of movement is abruptly
released during earthquakes. The coupling rate is the ratio of the velocity of the
back slip to the velocity of the subducting oceanic plate.
The value of fmax is uncertain for subduction interface earthquakes as well
as for crustal earthquakes, and it is not clear whether it is attributable to a source
effect or a site effect. An fmax of 13.5 Hz [182] is often adopted as the source
effect in recent examples of strong ground motion prediction.
I.2.4.

Evaluation of extra fault parameters

When the location of the hypocentre of a past earthquake is available,
the hypocentre may be considered as the rupture initiation point for the target
earthquake in the same region. When the hypocentre of a past earthquake
is not available, multiple hypocentre locations are used. Systematic features may
be evident in some regions. For example, Kikuchi and Yamanaka [171] showed
that the rupture propagation direction is shallow to deep in the Pacific coast
of north-east Japan and deep to shallow in the Pacific coast of south-west Japan.
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FIG. 36. Repeating rupture of the asperities with large slip in Sanriku-Oki, Japan, derived
from source inversion (reproduced from Ref. [181] with permission).
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I.3. FAULT PARAMETERS FOR INTRA-SLAB EARTHQUAKES
Unlike the case for crustal and subduction earthquakes, the fault area for
intra-slab earthquakes is not well known, Hence, the seismic moment is assumed
a priori based on the information from past earthquakes in the region.
The area of the SMGAs/asperities SSMGA and the short period level A are
evaluated by empirical equations using seismic moment [183–187].
The corresponding empirical equations for calculating SSMGA and A are:
2/3
S SMGA km 2  = 1.71×10 −16 ×(M 0 [ dyne ⋅ cm ])



A dyne ⋅ cm / s 2  = 1.13×10 18 ×(M 0 [ dyne ⋅ cm ])



1/ 3

(27)
(28)

Equation (27) is proposed by Asano et al. [188], using intra-slab earthquakes
in the Pacific Plate and the Philippines Sea Plate. Equation (28) is obtained
by Satoh [186] for intra-slab earthquakes in the Pacific Plate, off the Miyagi region.
The fault area S, the averaged stress drop Δσ and the stress drop in the
SMGAs/asperities ΔσSMGA are evaluated by:
S=

49p 4 b 4 M 02
16S SMGA A 2

∆s =

(29)

1.5
A3
4S SMGA
4.5 6
49p b M 02

∆s SMGA =

(30)

A
4b

2

(p S SMGA )

0.5

These equations are obtained from Eqs (1)–(3), in Section 3.2.2.4.
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(31)

Appendix II
OPEN ACCESS TO THE
SCEC BROADBAND SIMULATION PLATFORM
Several of the ground motion simulation methods described in this Safety
Report have been implemented on the Southern California Earthquake Center
(SCEC) Broadband Simulation Platform. Access to the platform is open
to all users, who can perform validations of simulated ground motions against
recorded ground motions for a set of past events, and simulations of scenario
earthquakes, using methods of their choice. Details of how to access and use the
Broadband Platform can be found on a collaborative SCEC web site, from which
the following excerpt is taken.8 However, for practical application, acquisition
of deep knowledge about ground motion simulations is strongly encouraged.
“The goal of the SCEC Broadband Simulation Platform is to generate
broadband (0–100 Hz) ground motions for earthquakes. The SCEC
Broadband Platform is a collaborative software development project
involving SCEC researchers, research engineers, graduate students, and
the SCEC/CME software development group. SCEC scientific groups
have contributed modules to the Broadband Platform including rupture
generation, low- and high-frequency seismogram synthesis, non-linear
site effects, and visualization. These complex scientific codes have been
integrated into a system that supports easy on-demand computation
of broadband seismograms. The SCEC Broadband Platform is designed
to be used by both scientific and engineering researchers with some
experience interpreting ground motion simulations.
“Users may calculate broadband seismograms for both historical
earthquakes (validation events including Northridge and Loma Prieta)
and user-defined earthquakes. The platform produces a variety of data
products, including broadband seismograms, rupture visualizations, and
several goodness-of-fit plots. Users can install the platform on their own
machine, verify that it is installed correctly, and run their own simulations
on demand without requiring knowledge of any of the code involved. Users
may run a validation event, supply their own simple source description,
or provide a rupture description in SRF format. Users may specify their

8

See http://scec.usc.edu/scecpedia/Broadband_Platform.
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own list of stations or use a provided list. Currently the platform supports
stations and events in Southern California, the Bay Area, the Mojave
Desert, Eastern United States, Eastern Canada, Central and Western Japan.
Users may select among various method that include rupture generation,
low-frequency synthesis, high-frequency synthesis, and incorporation
of site effects, with the option of running a goodness-of-fit comparison
against observed or simulated seismograms. These codes have been
validated against recorded ground motions from real events.
“The Broadband Platform was implemented using software development
best practices, including version control, user documentation, acceptance
tests, and formal releases, with the aim of ease of installation and use.”
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Annex
FAULT DISPLACEMENT HAZARD ANALYSIS

A–1. INTRODUCTION
This Annex provides procedures for assessing the fault displacement hazard
analysis recommended in IAEA Safety Standards Series No. SSG-9, Seismic
Hazards in Site Evaluation [A–1], using both scenario based (previously termed
deterministic) and probabilistic approaches. In the scenario based approach,
the hazard from a single earthquake scenario is considered. In scenario based
hazard analysis, it is necessary to take account of the random variability in fault
displacement for that scenario, which may be the median value (50th percentile)
or a higher value such as the median plus one or two standard deviations
(84th percentile and 95th percentile values, respectively). The earthquake
scenario is usually chosen to represent the largest event that is expected
to occur, regardless of how unlikely that is within the bounds described
in para. 8.4 of SSG-9 [A–1]. These bounds may range from 1.8 million years
(Upper Pleistocene) in tectonically active regions to as much as 5.3 million years
(Pliocene) in tectonically stable regions.
If the scenario based approach is used, this may result in design criteria for
fault displacement that are inconsistent with (and more conservative than) those
for other hazards at the nuclear installations, depending on the percentile level
chosen to represent the scenario. In the probabilistic approach for an identified
fault, the hazard is calculated as a function of annual probability of exceedance.
Unlike the case for probabilistic ground motion hazard, which is finite for even
high annual probabilities of occurrence, fault displacement hazard is zero for
annual probabilities that are higher than a value related to the inverse of the
recurrence interval of the earthquake. It is therefore possible to have site at which
the probabilistic fault displacement hazard on an identified fault at an annual
probability of 1 in 1 million is zero, but the scenario based hazard is non-zero.
The focus of this Annex is on probabilistic fault displacement hazard
analysis (PFDHA). The scenario based approach consists of selecting, from all
of the possible earthquakes that are evaluated in the probabilistic approach, the
earthquake event that produces the largest fault displacement at the site, using
the relationships described in Section A–4.1. It may also be appropriate for
the scenario based approach to consider the possibility of distributed faulting,
described in Section A–4.2. Distributed faulting addresses the possibility
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of faulting occurring off identified faults, on unidentified faults. In that sense,
it is analogous to the ground shaking hazard from diffuse seismicity.
A–2. PROBABILISTIC FAULT DISPLACEMENT HAZARD ANALYSIS
The work by Youngs et al. [A–2] in particular provides a comprehensive
basis for modern PFDHA techniques. Scenario based analyses have also been
conducted (see Ref. [A–3]), but these tend to overestimate the hazard in many
cases, since they generally assume that the probability of fault rupture is 1 and
either the average displacement or even the maximum displacement occur at any
point along the fault. There are two basic approaches to PFDHA [A–2, A–4]:
(1)
(2)

Direct (or displacement) method: The probability of slip is directly related
to the rate of displacement on a fault and a slip distribution function.
Earthquake method: In this method, the displacements are related
to the occurrence of earthquakes through scaling relationships or slip
distribution functions.

The framework closely follows the approach of probabilistic seismic hazard
(PSHA), with the traditional attenuation relationships replaced by magnitude and
position dependent slip distribution functions and the hazard computed through
an integration over magnitude and rupture locations. Definitions of the variables
used in PFDHA are given in Fig. A–1. According to Ref. [A–5]:
“The principal fault displacements are considered primary ruptures on the
main, continuous faults that are located within several meters of the mapped
fault. The distributed fault displacements are off the principal fault and are
typically discontinuous ruptures or shears located tens of meters to a few
kilometers from the principal fault trace.”
The inputs to PFDHA and the data needs are summarized in Table A–1. The
principal and distributed fault displacements represent the net displacements.
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Note: L is the length of surface rupture on principal fault; l is the distance on the surface
rupture; r is the distance from the principal fault; and z is the dimension of the area
considered for calculating the probability of fault rupture (area z2), respectively.
FIG. A–1. Definitions of variables used in the PFDHA [A–5].

TABLE A–1. INPUTS AND DATA NEEDED FOR THE PFDHA (cont.)
Input to PFDHA

Data needed

Direct method
Location of faults

Maps of faults

Frequency of displacement
events based on slip rate
and average displacement
per event

Paleoseismic estimates of displacement per event
Slip rates
Total length of fault
Cumulative displacement on fault
Scaling relationships between fault slip and fault dimensions
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TABLE A–1. INPUTS AND DATA NEEDED FOR THE PFDHA (cont.)
Input to PFDHA
Probability of exceeding
specific amounts of slip

Data needed
Compilations of measured slip at sites with multiple ruptures
Compilations of measured slip versus fault dimensions

Earthquake method (principal fault)
Location of principal faults

Maps of active faults

Probability of principal
surface rupture

Down dip geometry of faults
Depth distribution of earthquakes
Relationships between earthquake magnitude and rupture
dimensions
Frequency of surface rupture as function of magnitude

Slip distribution function

Mapped displacement profiles for surface rupturing
earthquakes: maximum and average displacements
Paleoseismic estimates of displacement per event
Slip rates
Paleoseismic recurrence intervals
Total length of fault

Earthquake method (distributed fault)
Location of principal faults

Maps of active faults

Probability of distributed
rupture

Maps of distributed ruptures in historical earthquakes, as
function of magnitude, style of faulting, distance from principal
fault, hanging/food wall

Slip distribution function

Measurements of the amplitude of distributed slip on individual
ruptures indicating location with respect to the principal rupture

Source: Reproduced from Ref. [A–6] with permission.
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A–3. DIRECT METHOD
The frequency of displacement exceedance v(d) can be written as:
v(d ) = l DE P (D > d )

(A–1)

where d is displacement, λDE is the rate of displacement events on the fault, and
P(D > d) is the conditional probability that D in an event exceeds d.
This method forms a direct connection (hence its name) to the
geological data from fault trench studies and other field observations. The rate
of displacement events can simply be obtained by dating observed slip evens.
Alternatively, it can be computed simply as the slip rate divided by the average
slip per event. The conditional probability of exceedance slip (P(D > d)) can
be obtained by measuring the amount of slip for many events at a site.
It is clear that this approach relies heavily on site specific information
and rupture, but Youngs et al. [A–2] gave alternative methods to obtain
the aforementioned functions, usually based on scaling relationships and
normalized data from other faults. Although it seems that this would diminish
the appeal of this method as one firmly based on local observations and make
it more similar to the earthquake method described later. Angell et al. [A–7]
presented a comprehensive example of this approach in a PFDHA analysis for
submarine pipelines in the Gulf of Mexico, which included an extensive analysis
of subsurface geophysical and geological data.
Braun [A–8] used this method to develop a PFDHA model for the Wasatch
front using an extensive logic tree model and concluded that the results are
strongly dependent on the choice of weights between the different branches, and
thus that there is a strong sensitivity to epistemic uncertainties.
A–4. EARTHQUAKE METHOD
The earthquake method closely follows the procedures developed for
PSHA. In general, the equation for the exceedance rate for displacement
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at a site on a fault, k(D > d) has the following form (see Ref. [A–2] for normal
faulting; Ref. [A–5] for strike-slip faulting; Ref. [A–9] for reverse faulting; and
Ref. [A–10] for strike-slip and reverse faulting in Japan):
k (D > d ) =

 N

N (m j ) 
Pr D > d rk , m j ⋅ Pr sr ≠ 0 m j ⋅ Pr rk m j 
 k=1

m j =m 0
mu

∑

∑ (

) (

) (

)

(A–2)
where
Ṅ(mj)
Pr(D > d | rk,mj)

is the mean number of earthquakes of magnitude mj;
is the probability that displacement D exceeds d given that
an earthquake of magnitude mj centred at a distance rk occurs;

and Pr(sr ≠ 0 | mj) the probability of surface rupture, given magnitude m. This
term differs from the usual ground motion attenuation function. It is assumed
in the PSHA that each earthquake produces “some level of ground shaking
at site k” [A–2]. Pr(rk | mj) is the probability that an earthquake of magnitude
mj occurs with its centre of rupture located at rk, m0 is the minimum magnitude
of earthquake engineering significance and mu is the maximum magnitude for
earthquake event considered.
In the setting of the surface rupture on the fault, Petersen et al. [A–5]
distinguished the surface rupture from the fault (see Fig. A–1, in Section A–2).
Takao et al. [A–10] applied the rupture segments apart from the fault according
to the magnitude. The other differences between many of the papers are in the
forms of Pr(D > d | rk,mj) and Pr(sr ≠ 0 | mj) from Eq. (A–2). Researchers have
proposed beta or gamma models for the distribution of displacement along faults.
For the Petersen et al. [A–5] model (see also Ref. [A–11]), functional forms were
used. Petersen et al. [A–5]) also addressed the uncertainties in the location of the
actual trace of the fault (“mapping error”).
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A–4.1. Principal fault
A–4.1.1. Probability of surface rupture
The probability that surface rupture (sr) occurs for a given magnitude
is given as:

(

a+bm

) (1 +e e a+bm )

Pr sr ≠ 0 m j =

(A–3)

with
a = −12.51 and b = 2.053 for all slip types (these coefficients were applied
in Refs [A–5, A–12]);
for a reverse fault [A–9];
a = −7.3 and b = 1.03
and a = −32.03 and b = 4.90 for a Japanese fault [A–10] (see Fig. A–2). Thus,
the probability of surface rupture for a reverse earthquake at magnitude 7.0 is
only 0.48, compared to 0.86 for all slip types. Takao et al. [A–10] indicated less fault
type dependency for probability in the Japanese case. However, the probability
curve of Japan is consistent with the evaluation of diffuse seismicity in Japan.
This factor plays an important role in reducing the probabilistic hazard relative
to the deterministic hazard.
Some authors (e.g. Abrahamson [A–13]) divided this function in two: one
for the probability of surface rupture for the entire earthquake; and one for the
probability of surface rupture reaching the site. The latter is sometimes inherently
included in the previous term (slip distribution) and the integration process.
A–4.1.2. Probability of slip exceedance
As stated in Ref. [A–2], the “conditional probability of exceedance
represents the probability that at a specific point k on a rupture the fault
displacement exceeds d.” Given that slip occurs, it “can be assessed using
models built on empirical data, much as ground motion attenuation relationships
are constructed.”
The displacement for a rupture is not uniform over the entire rupture, but
instead tapers towards both ends of the rupture, and is parameterized using the
ratio l/L between the total rupture length (L) and the distance from the centre
of the rupture to the point on the rupture closest to the site (see Fig. A–1,
in Section A–2).
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Note: Coloured solid lines indicate fitted function of each fault mechanism: normal [A–2]; all
slip types [A–12]; reverse [A–9]; and Japan [A–10].
FIG. A–2. Probability of surface rupture.

Slip distributions are determined from two probability distributions:
a distribution representing the spatial variability of slip along a fault and
a distribution representing the average (Dave) or maximum displacement (Dmax).
Displacement values are normalized by either the average displacement (Dave)
or the maximum displacement (Dmax), which are estimated by applying the Wells
and Coppersmith equation [A–14]. The probability of slip exceedance is obtained
by convolving the distributions for displacements normalized by the maximum
displacement (D/Dmax) or displacements normalized by the average displacement
(D/Dave) with log-normal distributions for Dmax or Dave.
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Youngs et al. [A–2] and Moss and Ross [A–9] derived slip distributions
for normal and thrust mechanisms, respectively, although only for the
normalized relationship (D/Dave) and normalized by maximum slip (D/Dmax).
Takao et al. [A–10] also derived relationships for all types of earthquake
mechanism in Japan for the normalized relationship with maximum and average
slip. They used a beta distribution for the maximum displacement scaling, which
is bound between 0 and 1. The beta distribution has the form [A–2]:
Γ(a + b)
F ( y) =
Γ(a)Γ(b)

y

∫z

a−1

(1 − z)

b−1

dz

(A–4)

0

where
Γ(·)
F(y)
y

is the gamma function;
is the cumulative probability that variable Y is less than or equal to a
specific value y;
is equal to D/Dmax;

and a and b are the gamma shape parameters and are functions of l/L.
The parameters a and b for normal fault displacements derived by
Youngs et al. [A–2] are:

l
a = exp−0.705 + 1.138 

L

l
b = exp0.421 − 0.257 

L
for 0 ≤

(A–5)

l
≤ 0.5
L

The parameters a and b for reverse fault displacements derived by Moss
and Ross [A–9] are:

a = 0.713 + 0.901
b = 1.74 − 1.86
for 0 ≤

l
L

l
L

(A–6)

l
≤ 0.5
L
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The parameters a and b for Japanese fault displacements derived by
Takao et al. [A–10] are:

l
a = exp0.70 − 0.87 

L

l
b = exp2.30 − 3.84 

L
for 0 ≤

(A–7)

l
≤ 0.5 and L ≥ 10km
L

For the average displacement scaling, Youngs et al. [A–2], Moss and
Ross [A–9] and Takao et al. [A–10] used a gamma distribution. Moss and
Ross [A–9] used also a Weibull distribution. The gamma distribution has
the form:
1
F ( y) =
Γ ( a)

y/b

∫e

−t a−1

t

dt

(A–8)

0

where
Γ(·) is the gamma function;
is equal to D/Dave;
y
and the parameters a and b are functions of l/L. The parameters a and b for
normal faults estimated by Youngs et al. [A–2]) are:

l
a = exp−0.193 + 1.628 

L

l
b = exp0.009 − 0.476 

L
fo
or 0 ≤
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l
≤ 0.5
L

(A–9)

For reverse faults [A–9]:

 l  3 
 l 2
l

a = exp0.574 − 2.29 + 19.9   − 30.4   
 L  
 L 

L


 l  3 
 l 2
l

b = exp−1.05 + 6.60 − 34.6   + 50.3  
 L  
 L 

L

for 0 ≤

(A–10)

l
≤ 0.5
L

For Japanese faults [10]:

l
a = exp0.70 + 0.34 

L

l
b = exp−1.40 + 1.82 

L
for 0 ≤

(A–11)

l
≤ 0.5 and L ≥ 10km
L

Takao et al. [A–10] divided the slip distribution function into two groups
according to the length of the fault: more than 10 km and less than 10 km. The
relationship between l/L and displacement are weak when the length is less than
10 km. Figures A–3 and A–4 show the displacement models of the beta and
gamma distributions.
Petersen et al. [A–5] derived several functions for slip along a rupture
in the case of strike-slip faulting. They express the average slip at a location as a
function of magnitude and the site location relative to the ends of the rupture, and
carried out a regression using a log-normal distribution.
For this function, a log-normal distribution is assumed and
Petersen et al. [A–5] determined several alternative functional forms, bilinear,
quadratic or elliptic. Furthermore, they derived expressions both for displacement
as a function of magnitude, and one for normalized displacement, for a total
of six possible equations.
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Note: Black, red and blue lines show the models for normal [A–2], reverse [A–9] and
Japanese [A–10] faults, respectively. Dashed, solid and dashed-dotted lines denote
95th, 50th and 5th percentiles, respectively.
FIG. A–3. Models of maximum displacement scaling.

Note: Black, red and blue lines show the models for normal [A–2], reverse [A–9] and
Japanese [A–10] faults, respectively. Dashed, solid and dashed-dotted lines denote 95th,
50th and 5th percentiles, respectively.
FIG. A–4. Models of average displacement scaling.
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In the normalized equations, the assumption is a slip distribution that
is tapered at the end but is relative to the average slip (Dave) given by the Wells and
Coppersmith [A–14] relationship for strike-slip earthquakes. Petersen et al. [A–5]
expressed this term from a regression normalized on the average displacement as:
 D  8.2525l
=
ln 
− 2.3010
 Dave 
L
l
for
< 0.3008
L

(A–12)

otherwise:
 D 
 = 0.1816
ln 
 Dave 

(A–13)

The quadratic and elliptic equations are:
 D  14.2824l
 l 2
 =
− 19.8833  − 2.6279
ln 
 L 
 Dave 
L

(A–14)

 D 
2

 = 3.2699 1 − 4  l − 0.5 − 3.2749
ln 

 L
 Dave 

(A–15)

and

This relationship is plotted in Fig. A–5. There is a considerable difference
in slip distribution between the equations, especially close to the centre
of the rupture.
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Note: Black, red and blue solid lines are for the estimated bilinear model, quadratic model
and elliptical model, respectively. Dashed and dashed-dotted lines denote +2 and −2
standard deviations, respectively.
FIG. A–5. Regression lines and uncertainties (±2 standard deviations) [A–5].

Abrahamson [A–13] adopted a uniform average displacement, from
a global regression rather than a distributed slip model, and included the slip
variability in an extra term in the sigma. Comparing this to site specific slip
variability, he argued that the global model overestimates the variability by over
a factor of two (0.17 vs 0.39 in log 10 units) and used this as argument against
ergodicity. This conclusion is based on Hecker et al. [A–15], who demonstrated
that the aleatory variability in slip from event to event at the same location
is much smaller than the variability from global regressions, which emphasizes
the importance of using local slip data over global models. However, unless local
slip at a site is well constrained, the global relationships and their variability
should be used as they include both the slip variability between earthquakes, slip
variability between points on the rupture and variability between different faults.
Strom et al. [A–16] presented a similar methodology but unfortunately
without specifying the functional form and parameters of their slip relationships.
Todorovska and Trifunac [A–17] presented a very different approach to the slip
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distribution function, by using an attenuation type equation for displacement and
assuming that the slip across the fault is two times the maximum displacement
predicted by the attenuation relation. The advantage of this approach is that
it follows regular PSHA most closely, but they do not present any comparisons
with field data to justify the use of the attenuation relation, which appears to be
based on displacements taken from strong motion recordings.
A–4.2. Distributed faulting
Most studies only consider the probability of surface rupture on the main
fault strand, and data for distributed fault displacements are sparser [A–5].
Because distributed faulting is not constrained to singular rupture planes, the
distribution functions are given relative to an area. It is expressed that [A–2]:
“...the conditional probability that surface (or near-surface) displacement
occurs on a feature at location k due to an earthquake occurring on some
other source. Distributed slip on both minor and major faults adjacent to the
principal faulting rupture is presumed to be causally linked to the primary
rupture, but the causal mechanism usually is not sufficiently understood,
and there may be multiple mechanisms at work.”
Youngs et al. [A–2], Petersen et al. [A–5] and Takao et al. [A–10] “have
taken an empirical approach to define this probability function, using data from
historical ruptures” [A–2].
A–4.2.1. Probability of surface rupture
As described in Ref. [A–2], the distributed fault data:
“...were digitized by constructing a raster scan of each map using
a 0.5-km × 0.5-km pixel size. The number of pixels containing distributed
faulting divided by the total number of pixels within the faulting area gives
a measure of rate of occurrence of distributed rupture for each earthquake.
The logistic regression model was used to compute the conditional
probability of distributed rupture occurring at a point:
P (distributed surface rupture) =

e f ( x)
1 + e f ( x)

(A–16)
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Youngs et al. [A–2] derived f(x) for normal faults as:
f ( x ) = 2.06 + (−4.63 + 0.118 m + 0.682 h) ln (r + 3.32)

(A–17)

where m is earthquake magnitude, r is the distance to the principal rupture (km),
and h is an indicator variable taking the value of 1 for the hanging wall side of the
rupture and 0 for the footwall side of the rupture.
For Japanese faults [A–10]:
f ( x ) = −3.839 + (−3.886 + 0.350 m) ln (r + 0.200)

(A–18)

Figures A–6 and A–7 represent the probability of surface rupture for
magnitude 5.5, 6.5 and 7.5.

FIG. A–6. Conditional probability of slip for distributed normal faulting colour coded
by magnitude 5.5, 6.5 and 7.5 [A–2]: (left) foot wall; (right) hanging wall.
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FIG. A–7. Conditional probability of slip for distributed Japanese faulting colour coded
by magnitude 5.5, 6.5 and 7.5 [A–10].

Petersen et al. [A–5] examined the probability of ground rupture off the
principal fault in areas of 25 m × 25 m, 50 m × 50 m, 75 m × 75 m, 100 m × 100 m,
and 200 m × 200 m (see Fig. A–8). The probability function for distributed
faulting is given as:
ln ( P ) = a(z) ln (r ) + b(z)

(A–19)

where
a and b are parameters that depend on the area;
r
is distance from the principal fault;
z
is cell size of the area considered for calculating the probability
of fault rupture;
and (see Fig. A–8):
—— a(200) = −1.1538 and b(200) = 4.2342 for 200 m cells;
—— a(100) = −1.0114 and b(100) = 2.5572 for 100 m cells;
—— a(25) = −1.147 and b(25) = 2.1046 for 25 m cells.
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FIG. A–8. Probability of distributed-fault rupture displacement with regression equation
colour coded by bins for 200 m × 200 m cells, 100 m × 100 m cells and 25 m × 25 m cells [A–5].

A–4.2.2. Probability of slip exceedance
As stated in Ref. [A–2]:
“Unlike principal faulting, there are very limited data for the amount of slip
that occurs on the secondary features that move during distributed faulting.
Typically, the principal rupture is mapped and described in much greater
detail than the distributed ruptures, which are more numerous and widely
dispersed, yet smaller in size, and unlikely to be preserved for older events.”
Displacement values of the distributed faults (Ddistributed) are normalized
by the average displacement of the principal faults (ADprincipal) or the
maximum displacement of the principal fault (MDprincipal). The distribution for
Ddistributed/MDprincipal or Ddistributed/ADprincipal is defined by specifying a probability
distribution form. The conditional probability of slip exceedance of distributed
faults is then obtained by convolving the resulting gamma distribution for
Ddistributed/MDprincipal, with a distribution for MDprincipal of ADprincipal in the same
manner as was done for principal faulting [A–2].
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The beta distribution is used for Ddistributed/ADprincipal. For normal faults,
Youngs et al. [A–2] derived a power function as:
Ddistributed (hanging wall )
= 0.35e −0.091r
MDprincipal
Ddistributed (foot wall)
= 0.16e −0.137 r
MDprincipal

(A–20)

For Japanese faults, Takao et al. [A–10] derived a power function as:
Ddistributed
= 0.55e −0.17 r
MDprincipal
Ddistributed
= 1.9e −0.17 r
ADprincipal

(A–21)

where r is the distance to the principal rupture (km). For strike-slip faults,
Petersen et al. [A–5] derived the form as:
D


ln  distributed  = −0.1826 ln (r ) − 1.54711
 ADprincipal 

(A–22)

where r is the distance to the principal rupture (m). Figures A–9 to A–12 represent
the relationship between distance from principal fault and displacement
of the distributed fault normalized by the maximum or average displacement of the
principal fault.
A–5. NUMERICAL SIMULATION
As described in the previous section, the relationship between evaluation
of fault structure and surface displacement is not well enough understood. The
data on displacement distribution and slip amount of distributed faults are very
sparse. Numerical simulations help to understand the phenomena of the surface
displacement, including distributed faults. One approach, which has not been
investigated in detail, is to perform quasidynamic rupture modelling using suitable
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FIG. A–9. Relationship between distance from principal fault and the displacement normalized
by the maximum displacement of the principal fault for normal faults [A–2].
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FIG. A–10. Relationship between distance from principal fault and displacement of distributed
faulting normalized by the maximum displacements of the principal fault for Japanese
faults [A–10].
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FIG. A–11. Relationship between distance from principal fault and displacement of distributed
fault normalized by the average displacement of the principal fault for Japanese faults [A–10].
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FIG. A–12. Relationship between distance from principal fault and displacement of the
distributed faults normalized by the average displacement of the principal fault for strike-slip
faults [A–5].
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constitutive relationships for the shallow geology.1 Aochi and Ando [A–18]
reviewed the recent researches of numerical simulations on faulting. Dynamic
rupture has also been studied especially for the effect on the fault geometry
evolution or due to the existed fault structure (see Refs [A–19 to A–21]).
Another approach is to represent the shallow soil or rock behaviour using
a continuum model or by a model consisting of small elements with properties
constrained by data. Hori [A–22] introduced:
“...continuum modelling and granule material modelling as physical
models of faulting. The resulting mathematical problems are difficult and
sometimes do not have a unique solution even though the problems are
posed for physical phenomena of faulting processes. This is the primary
reason for the difficulty of faulting simulations using this approach.”
The simulation of strike-slip faults requires higher computational costs than
that for normal or reverse faults because the strike-slip fault simulation should
be performed as a 3-D model. The element size is important because it affects the
results and computational cost. Two methods can be described: continuum and
granule material modelling.
(1)

(2)

Continuum modelling: Several computer codes have been validated
by carefully comparing their results with laboratory experiment results.
The computational cost is lower than for granule material modelling.
The model can include physical properties derived from laboratory
experiments. However, this approach cannot deal with large displacements
and discontinuous phenomena.
Granule material modelling: This approach can deal with large
displacements and discontinuous phenomena. The physical parameters
of this method are usually simple: the physical and mechanical parameters
of the particles. However, the computational costs are high even for
a 2-D simulation, the accuracy is lower than that of the continuum
modelling, and it is difficult to define discrete element method (DEM)
parameters from soil property parameters.

A–5.1. Continuum modelling
Dislocation modelling requires lower computational costs than continuum
modelling. The analytical solution of the dislocation theory was solved

1
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See http://qdyn.googlecode.com/svn-history/r140/trunk/doc/QDYN_man.pdf.

by Mansinha and Smylie [A–23] and Okada [A–24]. The input parameters are
fault model and material properties. This method is applied for simulating in a
homogeneous medium the crustal movement measured by GPS or interferometric
synthetic aperture radar (InSAR) data. This modelling cannot deal with complex
initial conditions. Wang et al. [A–25] developed a dislocation computer code that
deals with horizontally inhomogeneous models (see Fig. A–13).

Note: The earthquake has an E–W trending fault and consists of six segments whose
parameters are adopted from Ref. [A–26]. The homogeneous half-space model has
the same elasticity parameters as the uppermost layer of the stratified model. The
seismological convention for displacement components is used: that is, x is positive
northwards, y is positive eastwards and z is positive downwards.
FIG. A–13. Surface displacements (m) induced by 17 August 1999, Izmit earthquake,
Turkey, computed using a numerical Green’s function method (reproduced from Ref. [A–25]
with permission).
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Finite difference methods (FDM) and finite element methods (FEM) are
applied for the simulation of large fault displacement processes of complex
visco-elastoplastic materials with strong lateral variations of physical properties
and in the absence of constant predefined material interfaces. There are many
computer codes that have been carefully validated by comparison with laboratory
experiments in geotechnical engineering problems.
Ando and Yamazaki [A–27] performed the simulation of a 2-D reverse fault
based on a constrained interpolation profile (CIP) method (a type of FDM). Their
results indicated that fault related flexure is generated when shear-zone migration
occurs in sand (see Fig. A–14).

Note: The white contour lines denote the shear strain on the layer. The values of the
contour lines are 0.1, 0.25, 0.5, 0.75 and 1.0. W represents flexure width; θ and ΔL
denote fault dip and fault displacement, respectively. (a) θ = 30° and ΔL = 2.5 m.
(b) θ = 45° and ΔL = 2.5 m. (c) θ = 60° and ΔL = 2.5 m. (d) θ = 30° and ΔL = 1.67 m.
(e) θ = 45° and ΔL = 1.67 m. (f) θ = 60° and ΔL = 1.67 m. (g) θ = 30° and ΔL = 1.0 m.
(h) θ = 45° and ΔL = 1.0 m. (i) θ = 60° and ΔL = 1.0 m. (j) θ = 30° and ΔL = 0.5 m.
(k) θ = 45° and ΔL = 0.5 m. (l) θ = 60° and ΔL = 0.5 m.
FIG. A–14. Influence of the fault angle and the unit displacement on the configuration of the
fault related flexure (reproduced from Ref. [A-27] with permission).
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Note: The contour in the right figures shows the magnitude of the plastic strain. The dark
colour area has no plastic strain. The soil within the light colour zones has failed and
thus experiences plastic strain. Therefore, the light colour zone represents the fault zone
within the overburden soil. (a) Fault dip angle 60°. (b) Fault dip angle 50°.
FIG. A–15. Comparison of the fault generated by small scale physical (left) and numerical
(centre and right) models (reproduced from Ref. [A–28] with permission).

In the study by Lin et al. [A–28] (see Fig. A–15), the processes of thrust
faulting within overburden soil was explored, and they examined the influences
of corresponding factors or parameters under a range of boundary conditions
using physical models and numerical analysis for both small scale and full
scale configurations.
Sawada and Ueta [A–29] performed a strike-slip fault simulation with
FEM. The result reproduced en echelon cracks, named Riedel shears, which were
observed on the ground surface over strike-slip faults. The inhomogeneous model
with a variability of about 20% in physical properties reproduced secondary
cracks like Riedel shears and their associated 3-D structure.
A–5.2. Granule material modelling
Granule material modelling can solve large deformation problem with
simple modelling elements. A discrete element method (DEM), also called
a distinct element method, is a numerical method for calculating the motion
and effect of a large number of small particles. The parameters of DEM consist
of physical parameters (particle size and shape) and mechanical interaction
parameters between particles (contact friction and normal contact stiffness).
However, it is difficult to determine the DEM parameters from soil properties.
The parameters of DEM are determined by comparison of DEM and geotechnical
laboratory experiments, such as uniaxial tests and triaxial tests.
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Morgan [A–30] and Morgan and Boettcher [A–31] carried out 2-D DEM
simulation “to examine the influences of particle size distribution and interparticle
friction on the nature of deformation in granular fault gouge”[A–30]:
“The simulated slip surfaces within the shear zone correspond in orientation
and sense of shear to deformation structures observed in natural and
experimental gouge zones in particular, Reidel shears (R1, R2) and
Y-shears” [A–32] (see Fig. A–16).

Note: (a) Particle configuration — particles in walls are fixed relative to each other; upper
wall is translated to the right; coloured particles within the shear zone are strain markers.
(b) Particle rotations define oblique and fault parallel slip surfaces. (c) Horizontal
displacements relative to homogeneous shear induced by wall displacement.
(d) Gradient of horizontal displacements defines discontinuities or slip surfaces — low
angle and oblique slip planes represent Y and R surfaces, respectively.
FIG. A–16. Snapshot of deforming assemblage, D (2-D power law exponent) = 2.60,
μi (interparticle friction) = 0.50, at 140% strain (100 plotted units = 1 mm) [A–32].
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Note: The grey surface represents the shear crack on the pre-existing fault, and the dashed
lines represent the tensile cracks.
FIG. A–17. Two perspectives of the final stage of crack evolution for the 2000 Tottori
earthquake dynamic simulation [A–35].

Saomoto et al. [A–33] performed 3-D DEM simulation of a strike-slip
fault, clearly producing a shear band considered to be a Riedel shear band at the
ground surface. Dalguer et al. [A–34] applied the 3-D DEM to simulate rupture
propagation (see Fig. A–17) and showed that cracks develop a flower-like
structure surrounding the pre-existing fault.
A–6. CONCLUDING REMARKS
Recent developments in PFDHA provide a framework for the evaluation
of displacement hazard consistent with PSHA. The most significant difference
between the various methods is the quantification of the surface slip distribution
as a function of magnitude and location along the rupture. The variability
in this function is large, and recent studies suggest that the most important
factor in reducing this uncertainty is the use of actual slip data from the
site [A–36 to A–40]. It appears that in such cases, when there is ample geological
data from the site, a direct probabilistic method might be preferable to the more
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frequently used earthquake method, but the sensitivity to epistemic uncertainties
in this case needs to be fully explored.
The high performance computing environment has improved the
performance of numerical simulations for fault displacement problems.
The physical parameters of the subsurface materials based on laboratory
experiments are required to validate the results of the numerical simulation and
to determine input data for simulations. The comparison of resulting numerical
simulations is also important. Buiter et al. [A–41] compared the results
of several numerical tools (FEM and DEM) in sandbox type experiments. The
results indicated that “numerical models using different solution techniques can
to first order successfully reproduce structures observed in analogue sandbox
experiments” [A–41] (see Fig. A–18).

Note: All quantities (including strain rates) are scaled down to the sandbox scale. Geometries
after 6 cm. The grid of Abaqus/Standard is the calculation grid, while for LAPEX-2D,
Microfem and Sopale the shown grid is (a subset of) the tracking grid.
FIG. A–18. Results for the shortening experiment (reproduced from Ref. [A–41]
with permission).
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