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SECTION 1
INTRODUCTION

In October 1997, the Multidisciplinary Center for Earthquake Engineering Research (formerly
the National Center for Earthquake Engineering Research) and the Federal Highway
Administration (FHWA) sponsored a two-day workshop, Ground Motion Methodologies for
the Eastern United States, to evaluate ground motion modeling methods applicable in the eastern
U.S. The predictive methods were to be assessed for their ability to produce time histories
appropriate for use in engineering applications. The intent of the workshop was not to rank
various modeling methodologies, but rather to evaluate the state-of-the-art for strong ground
motion prediction in the region and the variability of time histories from different modeling
methods. Further, the workshop served to introduce the participants to the concept of formal
model validation and thence application to develop synthetic motions. This focus on
practicality responded to the user community's need to evaluate the credibility of synthetic

time histories developed for specific projects and the lack of criteria on which to base these
evaluations.

Two issues were paramount in the evaluation of the time histories: the peak amplitudes of the
ground motion and the non-stationary character of the time history. The models were assessed
against the following measures:
® the ability of the methods to predict the amplitude of the ground motion (median
and variability) expressed as elastic response spectra;
e their ability to define the non-stationary characteristics of the time history expressed
as duration of the acceleration, velocity and displacement;
® whether synthetic time histories require further scaling and, if so, what the scaling
rules are;
® what means can be used to evaluate synthetic time histories to ensure they are
reasonable.
Ultimately, the workshop resulted in recommendations as to the seismological community's

ability to predict absolute levels of expected shaking and to judge whether synthetic motions
required subsequent modification.

1.1 User Needs

The engineering community involved in the seismic assessment of eastern U.S. (EUS) facilities
looks to the seismological community to define ground motion time histories for seismic
evaluation of structures. In previous highway projects, time histories developed by different
groups have been significantly different in both amplitude and waveform. The engineering
community requires criteria to evaluate the adequacy of synthetic ground motions, whether
defined by time histories or response spectra, or other ground motion characteristics. They also
require guidance regarding use of finite fault modeling for near-fault motions. Finally, they
require a cost-effective approach to develop motions for standard application.



Because of the scarcity of recorded EUS strong ground motions for comparisons, the
engineering community lacks measures against which they may judge the attributes of synthetic
time histories. Currently available attenuation relations provide estimates of the response
spectral values, but for evaluating time histories, estimates of the peak ground velocity and peak
ground displacement are also needed. Additionally, measures of non-stationarity are needed to
check the synthetic time histories: acceleration (velocity, and/or displacement) duration, and/or

the slope of a Husid plot for the motion, and a recommendation on one- or two-sided
displacement histories.

Practitioners also need cost-effective methods to develop ground motions for use in typical
applications. Site-specific modeling can be costly and generally is warranted only for the
analysis of critical facilities. A standard library of time histories for EUS earthquakes is needed
for use in engineering evaluations. This library should include well documented motions for a
few representative cases and guidelines on acceptable methods of scaling them.

1.2 Validation and Simulation Studies

The goal of the NCEER/FHWA workshop was not to set target spectra or other acceptability
criteria, but rather to evaluate synthetic time histories resulting from various predictive models.
The workshop focus on methods of predicting strong ground motion was the first step in
addressing the needs of the engineering community by assessing the capabilities of available
numerical simulation procedures. An element of this effort consists of a validation exercise for
each modeling method to check model calibrations and test parameter sensitivities. A suite of

simulations from each method is needed to estimate the median ground motion and the
variability.

This approach has been adopted in several recent studies including the 1990 Diablo Canyon
Long Term Seismic Program (LTSP; an in-depth evaluation of the seismic hazard and risk at the
plant), the 1993 EPRI study of EUS ground motions, the 1995 Southern California Earthquake
Center study of scenario earthquakes in southern California, the 1996 Yucca Mountain
(Nevada) study of scenario earthquakes, and the 1997 Yucca Mountain probabilistic seismic
hazard analysis. The NCEER/FHWA workshop was constructed using what was leamed from
these studies in terms of how to organize the exercises (necessary constraints), how to validate
the models, and how to compare the results. Several participants in the workshop also
contributed to one or more of the previous studies.

The validation is intended to evaluate how well the models can predict ground motion from a
past earthquake. Each modeler estimates ground motion for a recorded earthquake using source,
path, and site parameters that are appropriate for the events and optimizing other model
parameters to provide the best data fit. Comparisons of the predicted ground motions with the
recorded motions results in model misfits to the data, an important element of the uncertainty in
future estimates of ground motion in postulated earthquakes. Although comparisons against
recordings from more than one earthquakes is needed to validate a model, a single earthquake



validation exercise was performed in this workshop to demonstrate the concept and to provide
a rough evaluation of the adequacy of the models.

In the simulation exercise, the numerical models are used to predict ground motion for a future
earthquake. Select parameters (such as event magnitude, fault geometry, station locations, site
or path parameters) are fixed and multiple realizations are performed which randomize event-
specific parameters, which were optimized in the validation exercise. The predicted ground

motions from the alternative modeling methods are summarized by the median ground motion
and standard deviation (variability)

1.3 Treatment of Variability

The modeling methods used by the different groups include different sets of source, path, and
site parameters. To track the variability of the model prediction, each model parameter must be
declared as "fixed" or "event-specific." Event-specific parameters are optimized to the best
value for each past earthquake considered in the validation exercise. Since the event-specific
parameters are unknown for future earthquakes, they must be randomized in the scenario
simulations. Fixed model parameters are not randomized in the scenario simulations because the
effect of the variability of these parameters is captured in the misfits to the recorded data in the

validation exercise (assuming enough earthquakes are included in the validation to represent the
variability).

For example, one model may assume that the stress-parameter of the sub-events are constant
for all earthquakes, whereas another model may assume that the stress-parameter is event-
specific. The first model may accurately predict the median ground motion from a suite of past
earthquakes (e.g., it is unbiased) but it will probably have a poorer fit to the individual
earthquake than the second model. When predicting ground motions for a future earthquake, the
first model would keep the sub-event stress-parameter fixed, but the second model would have

to specify a distribution of the stress-parameter and then sample the distribution for a suite of
simulations.

This leads to two types of variability of the predicted ground motions. The variability from the
misfit of the predicted ground motions to recorded ground motions from past earthquakes is
called "modeling variability." The modeling variability reflects the limitations of the model to
predict the ground motion ¢ven when all of the event-specific parameters are known. In the
context of the model, these variations are unexplainable randomness. The modeling variability
can only be computed by comparing predicted ground motions to observed ground motions.

The variability due to variations in event-specific parameters for future earthquakes is called
"parametric variability." This represents the variability of the ground motion that results from
varying the event-specific source parameters. In contrast to the modeling variability, this
source of variability is understood. The parametric variability is computed using multiple
realizations of the simulation process that sample the range of event-specific parameters.



To compare the variability of ground motion predictions from alternative models, it is
important to keep track of both the modeling variability and the parametric variability. The
total variability is the combination of the modeling and parametric variability. In general, as
more event-specific parameters are included in the model, the modeling variability is shifted to
parametric variability. Whether the total variability goes up or down as more event-specific
parameters are included depends on how well the distribution of the event-specific parameters
for the events used in the validation agrees with the distribution assumed for those parameters
in the simulations. If a large enough sample of events is used in the validation, then the total
variability is unlikely to change as more event-specific parameters are used: the reduction in the
modeling variability is offset by a corresponding increase in the parametric variability. There is,
however, an advantage to shifting modeling variability to parametric variability: the cause of the

parametric variability is understood; whereas, the cause of the modeling variability is not
explicitly understood.

The validation has two purposes. First, it is intended to determine if the model predictions are
unbiased on average. Second, it provides an estimate of the modeling variability.

In this workshop, we have only used a single event in the validation exercise. A single event is
not sufficient to evaluate the model bias on average, nor does it provide an accurate estimate of
the modeling variability. A full validation was beyond the scope of the workshop. Some of the
models have been validated for a larger number of events in previous studies. When available,

we have included these more comprehensive validation results in these proceedings in addition
to the single event validation results.

1.4 Treatment of Uncertainty

The variability discussed above is called "aleatory" variability. It represents variability that is
considered to be random. In addition to aleatory variability, there is "epistemic" uncertainty.
Epistemic uncertainty is uncertainty due to insufficient data (lack of mmformation). In ground

motion modeling, epistemic uncertainty results from uncertainty in the distributions of
parameter values.

For a fixed model parameter, there is epistemic uncertainty on the best fixed value due to the
small number of earthquakes used in the validation. For an event-specific model parameter,
there is epistemic uncertainty in the probability density function for the parameter. Using the
example of sub-event stress parameter again, if it is a fixed parameter, there is epistemic
uncertainty in the best average value due to the small number of earthquakes used in the
validation. If it is an event-specific parameter, then there is uncertainty both in the median
value and standard deviation used to represent the range of sub-event stress parameter values
for future earthquakes.

In previous studies, epistemic uncertainty has not typically been assessed for individual
models, but rather it has been assessed by comparing the median and variability of ground



motions from alternative credible models. (Here, credible implies that the model has an
acceptably small model bias in the model validation.) This approach also incorporates the
uncertainty in the basic underlying physical model used in the numerical process.

Because epistemic uncertainty is due to lack of data, as more data become available, epistemic
uncertainty will be reduced. The additional data will provide constraints on the distribution of
event-specific parameters and the alternative modeling methods should produce more similar
results as they are modified based on additional earthquake recordings






SECTION 2
GROUND MOTION MODELING METHODS

Nine scientists experienced in ground motion modeling were invited to participate in the
workshop. They were asked to both validate their models and estimate motions for the
earthquake scenario. As part of the exercise, both median values and the variabilities in ground
motions were to be estimated. Several of the simulation methods considered here have
previously been used to obtain ground motions for engineering projects. These typically have
been calibrated against recordings from a number of eastern and/or western U.S. events. Other

participants' methods are more experimental in nature and have not yet been calibrated against a
large number of past earthquakes.

2.1 Selection of Modeling Methods

A set of criteria was developed to aid in the selection of modeling methods and participating
modelers. The criteria included:

® The methods are amenable to evaluation of parameter sensitivity and ground motion
uncertainty.
The methods are appropriate for application in the EUS.
The modelers are experienced in the field.
The modelers are familiar with ground motion modeling for engineering purposes.

When possible, modelers who had previously applied their models on MCEER projects were
given preference in the selection process.

Of the range of modeling approaches available for application, nine individuals familiar with
various methods were asked to participate. The nine selected and the methods they applied
were:

® John Anderson (Univ. Nevada, Reno) - Composite Fractal Source Method
Gail Atkinson (Carleton Univ.) - Stochastic Model with Empirical Source Spectrum
Shyh-Jeng Chiou (Geomatrix Consultants) Hybrid Kinematic Source Model
Steve Horton (Lamont-Doherty Geological Observatory)
Larry Hutchings (Lawrence Livermore National Laboratory) - Empirical and Analytical
Green's Function Method
Dan O'Connell (Bureau of Reclamation) - Isochron Method
Apostolos Papageorgiou (Rensselaer Polytechnic Inst.) - Specific Barrier Method
Walt Silva (Pacific Engineering & Analyses) - Stochastic Method with * Sub-events

Paul Somerville (Woodward-Clyde Federal Services) - Broadband Green's Function
Method

Ultimately, eight of the invited participants contributed in some manner to the study (all
excepting Dr. Horton). The eight simulation methods are described in the following section.
Three participants limited their participation to a varying extent: Dr. Hutchings performed the



validation exercise only; Dr. Papageorgiou briefed the other participants on his modeling method
and did not contribute to the validation or scenario exercises; Dr. Somerville did not perform the
validation exercise as his model had previously been calibrated against the Saguenay event.

2.2 Description of Simulation Methods

All the various modeling methods applied may be considered as 'physically-based' in that they
are based on seismological models of the source, wave propagation, and site effects. All of the
models used a finite-source in which the motions for the desired event are formed by summing
the ground motions from a number of smaller sub-events distributed on a rupture plane. Taken
together, the models represent a broad range of technical approaches to simulating ground
motions. The inherent assumptions (and the models) of the sub-events and the manner in
which the sub-events combine to build the mainshock differ in each model. They differ in the
manner in which seismic slip is distributed and released on the fault surface, in their
assumptions of wave propagation, in their assumptions of site response, and in their overall
level of complexity. Nevertheless, they accommodate the essential aspects of seismic energy

being generated by a finite source and propagated along a path to a recording site. The
simulation methods are briefly discussed below.

2.2.1 Composite Fractal Source Method

Dr. John Anderson and Shen-Der Ni apply the composite source model. The source model was
developed by Zeng et al. (1994) and comprises a superposition of circular sub-events across a
fault area, with the sub-event radii distributed according to a power law (Frankel, 1991). The
sub-events are modeled as Brune pulses (w™ spectra roll-off). The stress drop of the sub-
events is constant over the fault plane except at shallow depths, where it decreases to zero.

Wave propagation is accommodated using synthetic Green functions generated from the
generalized reflection and transmission coefficients method for a layered earth (Luco and Apsel,
1983) and wave scattering based on isotropic scattering theory. The site response may be
modeled either by a kappa filter with crustal factors (Su et al., 1996) or by a site-specific
velocity profile with Q; the former was used in this study.

2.2.2 Stochastic Model with Empirical Source Spectrum

A stochastic finite-fault model was applied by Drs. Gail Atkinson and Igor Beresnev (Beresnev
and Atkinson, 1997, 1998a). A rectangular fault plane is assumed. The rupture initiates at the
hypocenter and propagates radially from it. The velocity of rupture propagation is assumed to
equal 0.8 times the shear wave velocity. The fault plane is subdivided into rectangular elements
(sub-faults); each sub-fault is triggered as the rupture reaches its center. The number of sub-
fault triggerings is adjusted to conserve the total moment of the modeled earthquake.
Inhomogeneous slip distribution on the target fault is allowed. The sub-fault acceleration time
histories are propagated to the observation point using empirical distance-dependent duration,



geometric attenuation, and attenuation (Q) models. The "kappa" high-cut filter is applied. The
total radiated field is obtained by summing contributions from all sub-faults.

The source spectrum for each sub-fault is obtained by multiplying the ° spectral shape by the
normalized spectrum of a limited-duration Gaussian noise. The corner frequency of the ®?
spectrum and the sub-fault moment are derived from the sub-fault size. The amplitude of high
frequency radiation is controlled by the radiation-strength factor, which is proportional to the
maximum slip velocity on the fault. The frequencies modeled are 0.1 to 50 Hz.

2.2.3 Hybrid Kinematic Source Model

Dr. Chiou's simulation procedure uses a hybrid source model and broadband Green's functions
for a layered crust. The source model is a hybrid model in the sense that the slip amplitude at
small wavenumber follows a pre-specified spatial distribution, while at large wavenumber it
follows a power law decay of ¥° (k is the wavenumber) (Herrero and Bernard, 1994; Joyner,
1995) with a randomly assigned phase. For example, in the validation exercise, the Saguenay
source is represented as the superposition of a stochastic slip distribution on top of the

smoothly varying slip distribution obtained by modeling the recorded strong motion records
(Hartzell and others, 1994).

Following Bernard et al. (1996), the source time function has a scale-dependent rise time that
corresponds to a propagating source pulse with a finite spatial width. Furthermore, a scale-
dependent rake angle is also adopted so that the angle of the large wavenumber slip component
is randomized, while the angle of the small wavenumber slip component follows a specified
value (78° for the Saguenay earthquake and 90° for the simulation exercise).

The theoretical Green's function is computed up to 30 Hz by the method of generalized
reflectivity (Luco and Apsel, 1983; Zeng and Anderson, 1994). Random rake angle and
isotropic wave scattering are also included in the simulation to enhance the motions on the near
nodal components (Zeng et al., 1995).

2.2.4 Empirical and Analytical Green's Function Method

Dr. Lawrence Hutchings, together with Dr. Steven Jarpe, has developed an exact solution to the
representation relation for finite rupture that utilizes either empirical or synthetic Green's
functions (Hutchings and Wu, 1990; Hutchings 1991, 1994; Jarpe and Kasameyer, 1996). In
the MCEER study, recordings of small earthquakes are used as empirical Green's functions for
frequencies of 0.5 to 25.0 Hz and analytical calculations are used to provide synthetic Green's
functions for frequencies between 0.05 and 0.5 Hz. The entire wavetrain is synthesized for

three components. Linear ground motions were developed as may be expected at the modeled
rock outcrops.



The Kostrov slip rupture model with healing discussed by Hutchings (1991, 1994) is used for
finite rupture. This results in a continuous rupture over fault segments with variable slip
amplitude, but constant stress drop. A percentage of roughness can be added to the model that
results in portions of high stress drop, and large asperities can be included that have relatively
high stress drop. The rupture model includes rupture over the entire portion of the segment
with higher slip amplitudes occurring within asperities.

In the study, empirical Green's functions were not available from the sites to be modeled, or
along the source to be modeled. Instead, recordings from small earthquakes obtained at nearby
weak-motions recorders were used to obtain empirical Green's functions. These were
interpolated to have been located from the sites used in the modeling.

2.2.5 Isochron Integration with Empirical Scattering Functions

The 1sochron method was used by Dr. Dan O'Connell. The kinematic model consists of self-
similar effective stresses with high effective-stress circular asperities imbedded in a fault with
randomized rupture and healing velocities. Variable effective-stress asperities provide the
dominant short period component of seismic energy. On the modeled surface, perimeter
transition regions smoothly decrease effective stresses from the asperity interiors to fault
background regions and also allow for abrupt changes in local rupture and healing velocities.
Rupture and healing velocities and effective stresses are independently specified for asperity
interiors. Asperities are allowed to heal from their transition regions inward.

Background regions of the fault that are far from healing boundaries (fault edges) are permitted
to have substantially longer rise times than in the fault interior. This allows for quite
heterogeneous distributions of rise time on the fault, consistent with the results of Mikumo and
Miyatake (1987, 1993) and Fukuyama and Mikumo (1993). Short rise times in the asperities
provide large amplitude short period radiation consistent with Heaton's (1990) observation of
relatively short rise times for rupture models of large earthquakes. Longer rise times in the
lower effective stress background region provide sufficient additional seismic moment to
produce total moments consistent with observed broadband magnitudes (Horton, 1996). If
short rise times are assumed everywhere on a fault, then the asperities are required to provide
most of the moment and estimated effective stresses are extremely high. The variable rise-time
parameterization provides a means to explain low and high frequency observations of large

earthquakes, but requires less extreme effective stresses in the asperities than the constant rise
time model.

Isochron integration was used to calculate synthetic seismograms by assuming that all
significant radiation from the fault consists of first S-wave arrivals and that all seismic radiation
from a fault can be described with rupture and healing isochrons. Nine microearthquakes,
recorded in the Transverse Ranges of southern California, were used to derive site-specific
scattering functions solely from the observed waveforms. Wave-shaping filters, W, were
calculated (Yilmaz, 1987) to annihilate 2.5 sec to 3 sec waveform windows that immediately
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follow the first one to two cycles of the direct S-waves. The site-specific scattering function, S,
is the inverse of W. To approximate the complexity of observed microearthquake waveforms
noted in southern California, one of the nine scattering functions was selected at random at each
integration position along an isochron and the appropriate radiation pattern, free-surface
correction, geometric spreading, and take-off angle were applied to produce a band-limited site-
specific Green function. Calculations were limited to a maximum frequency of 10 Hz.

2.2.6 Specific Barrier Method

The specific barrier method is followed by Dr. Apostolos Papageorgiou. The first step in
strong motion prediction for a tectonic region like the eastern U.S., with an extremely limited
recorded strong motion database, is to propose a physical model which, when calibrated against
the very limited available data, would allow one to extrapolate from moderate events (such as
the Saguenay earthquake) to large events (such as the scenario event). In other words, it is
necessary to establish scaling laws for the various source parameters, based on the proposed
model, so that one can predict/model the motion of large events for which there are no data.

The specific barrier model provides a complete framework for strong motion prediction,
including scaling of source parameters, that may be used to specify realistic slip distributions on
the fault plane (e.g., using the spectral representation technique of Shinozuka), as well as source
spectra and their scaling law. Furthermore, the framework of the specific barrier model is very
versatile, allowing one to predict strong ground motion using the engineering (stochastic)
approach (e.g., a la Boore, 1983), or the seismological (kinematic modeling) approach using
synthetic Green functions (e.g., a la Zeng et al., 1994), or a hybrid of empirical and synthetic
Green functions (e.g., a la Somerville, 1993).

Dr. Papageorgiou uses the model of a circular crack to represent sub-events in the specific
barrier model. The model is optimized by using two stress drops: a global value for the rupture
as a whole and a local value for the sub-event. The source model superposes point sources
positioned at the centroids of the isochron patterns for each recording site. Effectively, this
assumes that the barrier crack boundaries are approximated by the isochrons and it ultimately
represents an optimization of the hypocenter locations.

2.2.7 Stochastic Method with ®* Sub-events

The stochastic finite-fault method with @* sub-events is practiced by Dr. Walt Silva of Pacific
Engineering & Analysis. The method is an extension of the point-source stochastic method to

the finite-fault case using the band-limited white noise (BLWN) model with random vibration
theory (RVT).

The fault rupture plane is discretized into a number of equal size sub-fault regions. The
radiation pattern is described by a constant, which is the average factor for all of the sub-fault
regions. Different values of the slip are assigned to each sub-fault element to incorporate
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asperities into the model. Empirical models are used to estimate the rise times of the mainshock
and sub-events. Heterogeneity of the source process is accommodated by randomizing the

location of the sub-events within each sub-fault element and by randomizing the sub-event rise
time.

The path effect is approximated using Q(f) and geometrical attenuation computed by raytracing
from each sub-fault to the site. The crustal amplification is computed from the EPRI mid-
continent model. Site effects are modeled by a kappa filter and an equivalent-linear model is

incorporated into the finite-fault code to accommodate nonlinear site response (Silva and Lee,
1987).

RVT is used to estimate the response spectra to yield more stable estimates of the spectral
values than the set of time histories provides. To generate time histories, the Fourier phase
spectrum of the sub-event is represented empirically using a small (M 5.0) Eastern North
America event recorded at a rock site at a close distance. The sub-event time history is
estimated using the empirical phase with the ” amplitude spectrum for the particular sub-
event. This is then convolved with a spike seismogram developed from the rupture times and
amplitudes of each sub-event. All validations have been done accommodating site conditions
using generic rock or soil profiles and equivalent linear soil response.

2.2.8 Broadband Green's Function Method

The broadband Green's function 1s practiced by Dr. Paul Somerville of Woodward-Clyde
Federal Services. This method combines two different procedures for the low frequency (less
than 1 Hz) and high frequency (greater than 1 Hz) portions of the ground motion. At low
frequency, theoretical source models are used including the theoretical radiation pattern; at high

frequencies, empirical source functions are used that incorporate the radiation pattern
empirically.

For both procedures, the fault rupture plane is discretized into a number of equal size sub-fault
regions. Different values of the slip are assigned to each sub-fault element to incorporate
asperities in the model. Empirical models are used to estimate the rise time of the mainshock.
The sub-event rise time of the event from which the empirical source functions are derived is
estimated independently. Heterogeneity of the source process is modeled by randomizing the

selection of the empirical source functions and by randomizing the location of the sub-events
within each sub-fault element.

Wave propagation i1s accommodated using synthetic Green's functions generated using the
frequency-wavenumber integration for the long-period procedure and using generalized rays
(direct and first multiple) for the high-frequency procedure. Linear site response is
incorporated in the empirical source functions which have been corrected as necessary for
eastern U.S. site kappa.
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Table 2-1: Summary of Modeling Approaches

Participant Source Model Path Effect Scattering Site Effect
Anderson/Ni » Composite finite model; * 1-D Green functions * Model parameter « Kappa
superposition of circular « Scattering
sub-events with fractal
distribution
Atkinson/ « Finite discretized into sub- | « Empirical EUS * Empirical EUS « Kappa and any
Beresnev faults geometric spreading distance- user-defined
» Inhomogeneous slip and Q models dependent response function
distribution duration model
+ Sub-faults have stochastic
o? spectrum
* Constant rupture velocity,
randomized rise time,
average radiation pattern
Chiou Kinematic finite source: « Complete Green's * Model parameter « Kappa
« Self-similar spatial function for a layered
distribution of slip crust.
* Scale-dependent rise time
Hutchings/ « Kinematic rupture;  Inherent in selected * Inherent in * Inherent in
Jarpe parameters are geometry, empirical EUS Green's selected empirical selected empirical
hypocenter, rupture functions EUS Green's EUS Green's
velocity, healing velocity functions functions
(rise time), and roughness
O'Connell » Finite with a semi-fractal * 1/R geometric » Empirical WUS * Included in
slip velocity distribution spreading with scattering empirical WUS
» Variable rupture and isochrons functions scattering
healing velocities functions
+ Self-healing high-stress-
drop asperities
» Variable rise time and
radiation pattern
Papageorgiou * Finite specific barriers; » Green's function « Scattered wave « From variations of
model of circular crack used energy (Zeng et velocity in the
to represent sub-events al., 1991 or Sato, upper km of crust
» Sub-event stress drop (local 1989 models)
stress drop)
+ fmax
Silva * Finite Brune sub-event = Either I/R * Empirical EUS « Kappa/equivalent
« Finite slip distribution geometrical model linear for
from f-k model spreading or nonlinear site-
= Constant rupture velocity, * 1-D or 2-D ray trace specific response
randomized rise time, rake,
average radiation pattern
Somerville » Finite with slip distribution | « Low f: Green « Empirical WUS » Inherent in
from f-k model functions from f-k model selected empirical

Variable rake, rise time,

radiation pattern

* Low f: continuous slip
function with theoretical
radiation pattern

* High f: discretized grid

with empirical source

functions, corrected to the

source

integration, complete
response and Q for
layered medium
» High f: simplified
Green functions from
G-R theory, dominant
rays and Q for layered
medium
2- and 3-D modeled
with G-R for high f
and finite difference
for low

source functions,
corrected for
kappa
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SECTION 3
MODEL VALIDATION AND ESTIMATION OF VARIABILITY

The essence of the validation process is calibrating any set of model parameters associated with
a modeling method by limiting the misfit between the predicted and recorded motions. The
residuals after optimization measure the inability of the method to predict the set of validation
earthquake motions. In forward modeling exercises, following validation, the event-specific

optimized parameters must be randomized to describe the range of parameter values that may
occur in subsequent events.

The validation earthquake selected for the MCEER workshop is the 1988 Saguenay earthquake.
It 1s the largest recorded ENA event and is documented by the most strong motion records of
any ENA events. The exercise is to model the observed strong motions at nine stations on rock.
Primarily, the validation is intended to assess to what extent each model predicts ground
motions from a single previously recorded ENA earthquake. Because it also provides the
participants the opportunity to calibrate individual model parameters, and insofar as these
parameters are the basis for the subsequent scenario model estimates, the model calibrations
enable each participant to provide the best possible estimates of ground motion.

Several of the models were previously validated against other earthquakes. These models
should therefore be more finely tuned and capable of providing more robust ground motion
estimates than those less well studied. Table 3-1 summarizes the number of validation
earthquakes against which each model has been compared.

TABLE 3-1 Model Validation Summary

Modeler Number of Earthquakes Empirical
WUS | EUS | Subduction | Other | Total | Attenuation
Anderson and Ni 5 1 0 3 9 No
Atkinson/Beresnev 1 1 2 0 4 Yes
Chiou 0 1 0 0 1 No
Hutchings and Jarpe 2 1 0 1 4 No
O'Connell 4 0 0 0 4 No
Silva 15 3 3 1 22 No
Somerville 4 4 0 14 No
Papageorgiou 2 0 0 8 No

Typically in validation studies, various source, path, or site parameters are prescribed that are
based on results of independent studies of the validation earthquake. No such requirements
were set forth in this study. Rather, the participants were allowed to calibrate any set of
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parameters they deemed appropriate to the region and for the exercise. Discussion of model
parameters was not a focus of the workshop.

3.1 Validation Earthquake

The scope of the workshop only allowed for a single validation earthquake. Two recent
earthquakes were considered for use as the validation earthquake: the 1988 Saguenay, Ontario
and the 1985 Nahanni, NW Territories events. The Saguenay event, an ENA earthquake, was
well-recorded over a wide range of distances but its spectral content suggests that the
mechanism may be anomalous compared to most other ENA and WUS earthquakes (see below).
The Nahanni event has spectral content typical of ENA earthquakes but was recorded over an
extremely limited distance range (about 8 to 16 km) and is not, technically, an ENA event.

These limitations were judged to be significant enough that the Saguenay event was selected as
the validation event.

The 25 November 1988 Saguenay earthquake was the largest to have occurred in ENA since the
1963 Baffin Bay event. The earthquake originated in the Grenville tectonic province of
southern Quebec, in a relatively aseismic zone, with a nearly pure thrust mechanism (Somerville
et al., 1990). The Saguenay event produced the largest set of strong motion records of any
earthquake in the region: it was recorded at twelve sites within 200 km of the epicenter (Figure
3-1). Nine of the record sets from stations on rock sites were used in the validation studies
(Table 3-2). Various magnitude estimates that describe the earthquake are (approximately): My
5.8, myry 6.5, my 6.5 (short period magnitude), and my, 5.9. The large discrepancy between
my e, My, and other scales was attributed to the spectral content of the source.

TABLE 3-2 Stations Used in Saguenay Validation Study

Station Number Station Name Distance
(km)
S01 St-Ferreol 114
S02 Quebec 150
S05 Tadoussac 110
S08 La Malbaie 94
S09 St-Pascal 123
S10 Riviere-Ouelle 114
S16 Chicoutimi Nord 48
S17 St-Andre-du-Lac 66
S20 Les Eboulements 91
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This earthquake differed in two significant ways from other recent ENA events. Firstly, the
focal depth, about 29 km, is notably deeper than most earthquakes in ENA which typically
range from 5 to 15 km for larger events, causing critical reflections from the lower crust to occur
at closer distances (Somerville et al.,, 1990). Only the 1968 Illinois event is known to have
occurred at a similar depth. The centroid depth of about 26 km is based on an analysis of depth
phases from teleseisms (Somerville et al., 1990) and is consistent with the deep hypocenter.
Secondly, the high-frequency motion radiated from the source was exceptionally high and
resulted in the over 0.5 magnitude unit difference between high frequency and other magnitude
measures. The rich high-frequency content was not evident in other large earthquakes in the
Saguenay sequence. Source studies have found that the main shock source was, in fact, not
consistent with a single ®™ source model (Boatwright and Choy, 1992). Haddon (1992)
modeled the recorded motions with a unilateral rupture and short rise-times and concluded that
these factors could account for the high-frequency content and Brune-scaling anomalies.
However, Hartzell et al. (1994) derived a source model that consists mainly of a single compact
asperity having a peak displacement of 2.6 m (high stress drop), which may account for the
large ground motions. Lastly, ground motion levels significantly exceed those predicted using
ENA attenuation relations within distances of about 120 km (Boore and Atkinson, 1992). This
may be accounted for by the strong asperity, the large high-frequency energy radiated, unilateral
rupture, or crustal characteristics resulting in a large "Moho bounce."

3.2 Results of Validation Exercise

The validation procedure involves optimizing any event-specific model and with the recorded
ground motions. The validation process should include comparisons for a large number of
earthquakes to evaluate the mean bias and modeling variability of the methods, however, for this
exercise, we have only used one event to demonstrate the procedure. The strengths of the
modeling methods should not be judges solely on the validation exercise from this one event.

In this study, the validation exercise using the Saguenay event was conducted for five of the
models - Anderson/Ni, Atkinson/Beresnev (generic), Chiou, Hutchings and Silva. Somerville
had validated his had wvalidated his model previously (Somerville et al, 1990).
Atkinson/Beresnev had also validated their stochasitc finite-fault model to the Saguenay
earthquake as well as a WNA event and two subduction earthquakes (Beresnev and Atkinson,
1997, 1998b, 1998c). For the purposes of this study, they applied a generic ENA model and

not one optimized for the Saguenay event. Both are generic and the optimized Saguenay
validations for Atkinson/Beresnev are included.
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Table 3-3: Summary of Realizations Performed in Saguenay Validation

Components
Modeler Number of | Horizontal | Horizontal Average Vertical
Stations H1 H2 Horizontal
Recorded Data 9 X X
Anderson 9 X X
Atkinson 9 X
Chiou 9 X X X
Hutchings 9 X X X
Silva 9 X X

Recorded motions are compared to synthetics at all nine stations for the five models, in
Appendix B. Included are seismograms (acceleration, velocity and displacement, horizontal and
vertical), spectral acceleration (horizontal and vertical), and duration of motion (acceleration,
velocity, and displacement; horizontal and vertical). Acceleration and velocity time histories for
the two closest stations (16 and 17, at Chicoutimi Nord and St-Andre-du-Lac) are shown in
Figures 3-2 and 3-3. Similar plots for two of the more distant stations (1 and 8, at St-Ferreol
and La Malbaie) are shown in Figures 3-4 and 3-5. Most of the predictions give a reasonable
agreement to the shape of the recorded time history during the strongest shaking, but the
amplitudes can vary by a factor of 4 in peak ground acceleration (PGA). The response spectra
of the predicted and recorded ground motions for these four stations are compared in Figure 3-6.

At individual frequencies, the response spectra from the various model predictions vary by
factors of 3 to 10.

The acceleration duration of the predicted and recorded ground motions for the four stations are
compared in Figure 3-7. The duration i1s defined using the normalized Arias intensity. The
duration is the time interval between 5% and 100x% of the arias intensity. For example, the
time interval between 5% and 90% of the arias intensity is plotted at x=0.9. Similarly, the time
interval between the 5% and 50% arias intensity is plotted at x=0.50. These plots indicate how
the energy is distributed through time in the ground motion. The alternative simulation
procedures vary in duration by a factor of 5 to 10.

The horizontal spectral acceleration residuals for the nine Saguenay stations are shown on the
left hand side of Figure 3-8 for the individual simulation models. The standard deviation of the
residuals is shown on the left hand site of this figure. The average residual computed from all
nine Saguenay stations for the models are compared in the top frame of Figure 3-9a. The lower
frame compares the standard deviation of the residuals. There is no consistent trend of over- or
under-prediction with frequency for all of the models. Overall, the Anderson/Ni model shows
the least bias at all periods. The modeling variability similarly shows no single trend with
period; they are generally between about 0.6 and 1.0 natural log units.
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The mean residual and modeling variability shown in Figure 3-9a is for only one earthquake.
This is not an adequate data set on which to develop robust model bias and modeling variability
estimates. Some of the simulation methods had been previously validated against a larger
number of earthquakes. Anderson/Ni, Silva, Somerville, and Atkinson/Beresnev each have
previously computed model bias using several EUS and WUS earthquakes. The model bias and
modeling variability for these more extensive validations are shown in Figure 3-9b. For these
more extensive validations, the model bias and modeling variability are much smaller at high
frequencies than for the Saguenay validation by itself.

The residuals for acceleration duration for the Saguenay validation are shown in Figure 3-10.
The Anderson/Ni model shows the least bias over all intensity intervals. The
Atkinson/Beresnev model tends to underpredict the acceleration duration whereas the Chiou,
Hutchings and Silva models tend to overpredict the acceleration duration.
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SECTION 4
SCENARIO EVENT GROUND MOTIONS

In forward modeling of a scenario event, a fault geometry and select source, path, and site
parameters are typically specified. Parameters not specified, including details of the rupture

process and parameters optimized in the validation, are randomized to model the range of their
uncertainty in future events.

In this study, fault geometry, event magnitude, event rake, velocity structure, and site kappa
were all specified (Table 4-1). The scenario earthquake adopted for this study is a thrust event
with moment magnitude 7.0 occurring on a 45° east-dipping plane. The fault dimensions are 50
km long and 20 km wide. The top of the rupture zone lies 2 km below the ground surface thus
precluding energy release in the very near-surface. The EPRI Mid-continent crustal velocity
model (Fig. 4-1) and Q-model were stipulated. Simulations were performed at a suite of 30
sites surrounding a dipping fault plane (Table 4-2, Fig. 4-2). All sites are hard rock.

Table 4-1a: Scenario Event Source Parameters

Magnitude 7.0
Event Rake 90°
Fault Dip 45°
Site Kappa 0.006
Q 670 £ 033

Table 4-1b: EPRI Mid-Continent Crustal Model

Layer Depth to Layer Top Vp Vs Density
Thickness (km) (km) (km/sec) (km/sec) (gm/cc)
1 0 4.9 2.83 2.52
11 1 6.1 3.52 2.71
28 12 6.5 3.75 2.78
- 40 8.0 4.62 3.35

The approaches adopted to represent source, path, and site effects are summarized in Table 4-3
for each participant. Each of the source parameters that were optimized in the validation
exercise was to be varied in the simulations. These may have included slip model, hypocentral
location, sub-event parameters, or any other parameters relevant to a specific model.
Parameters that were randomized in the simulations by each participant are summarized in
Table 4-4. A minimum of ten source realizations was suggested to define the parametric
variability. Not all participants were able to provide a complete suite of synthetic motions, or
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provide synthetics at each of the 30 sites. Motions that were provided are summarized in
Table 4-5.

The output for the modeling exercise was standardized in order to facilitate comparisons of
results. All ground motion estimates were provided as accelerations in g in a specified format.

Three components of motion were requested, as appropriate for each model.

Table 4-2: Site Coordinates

Site x-Dist y-Dist
(km) (km)
1 -10 5
2 5 5
3 10 5
4 25 5
5 50 5
6 80 5
7 100 5
8 120 5
9 150 5
10 200 5
11 300 5
12 500 5
13 -10 15
14 5 15
15 10 15
16 25 15
17 50 15
18 80 15
19 100 15
20 120 15
21 150 15
22 200 15
23 300 15
24 500 15
25 5 25
26 5 40
27 5 80
28 5 100
29 5 120
30 5 150
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Table 4-3: Models for Source, Path, Scatterer and Site used in Scenario Realizations

Participant Source EUS! Path Scatterer Site
Source
Anderson/Ni o’ AGgy , FK, Q Model Q, kappa
Vrupture: Rmax
Atkinson/ 0% RS? Factor, Empirical Empirical kappa
Beresnev Sub-fault EUS Duration
Size’
Chiou o° Rise Time FK, Q Model kappa
O'Connell Finite Variable Rays Empirical Empirical
Fault local stress wus* WUS
drop, rise
times, and
asperity
positions
Silva ©* Rays, Q Empirical kappa
EUS
Somerville Finite Static Ao Green's Empirical kappa
Fault Functions, Q WUS
Hutchings/ Kinematic EUS Green's | EUS Green's | EUS Green's
Jarpe’ Function Function Function
Papageorgiou’ Circular AG 1 gcal Green's Scattered Q (=kappa)
Crack AOCGIobal Function Wave Energy
(Sub- Model
event)
Notes:
Eastern U.S.

Western U.S.

o A W N~

Fixed to Saguenay values
Radiation-strength factor

Participant did not provide scenario motions; parameters shown reflect the model approach
that would have been adopted
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Table 4-4: Parameters Randomized in Scenario Realizations

Randomized Parameters Fixed
Participant | Hypocenter Slip Rise Time | Parameters'
Distribution
Anderson X X X ACup , Roax »
Vrupture
Silva X X X AGyy, ,
(Sub-event) Mainshock
Rise Time
Chiou X X X
Somerville X X X
Atkinson X X RS Factor,
Grid size
O'Connell X X X
Hutchings® X X X
Papageorgiou’ X X
Notes:

1
2

Parameters optimized in validation study

Participant did not provide scenario motions; parameters shown are model approach
that would have been adopted

Table 4-5: Summary of Simulations Provided by Participants

Participant | Number Components Simulated Number of
of East North Average Vertical | Realizations
Stations' Horizontal Computed

Anderson 262 X X X 10
Atkinson 30 X 10
Chiou 25° X X X 12
O'Connell 10 X X X 800°
Silva 30 X 30
Somerville 26° X X X 27
Notes:

T30 possible

2 Stations 11, 12, 23, and 24 were omitted.

3 Stations 11, 12, 23, 24, and 30 were omitted.

4 Stations modeled include 1, 2, 3, 4, 13, 14, 15, 16, 25, and 26.

5

Ten slip models and the Ist, 21st, and 80th hypocenters generated by O'Connell were used

(30 total).

Stations 11, 12, 23, and 24 were omitted.
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4.1 Modeling Results

Each participant developed suites of synthetics at each of thirty sites surrounding the scenario
rupture. All synthetics are shown in Appendices C through G for the six participants in the
simulation exercise. Appendices H and I summarize the horizontal and vertical results as
spectra and acceleration, velocity, and displacement duration. A sample of these results is
reproduced as Fig. 4-3 through 4-20 at sites 1, 21, and 29. These are located on the footwall
near the center of the rupture plane, 120 km normal to the strike of the plane on the hanging
wall, and 150 km along-strike, respectively (Fig. 4-2).

The mean horizontal acceleration response spectra from the simulations are shown in Figures 4-
3, 4-4, and 4-5 for the three sites. The horizontal spectra are all within a factor of 3-5 of each
other for the close in site and the distant sites. The parametric variability is computed from
each participants suite of realizations and is shown in the lower frame of Figures 4-3 to 4-5.
The parametric variability is relatively small and ranges between about 0.1 to 0.4 (natural log
units) at high frequencies and is slightly greater at low frequencies. This parametric variability
is much smaller than the variability between mean model predictions.

The mean horizontal acceleration duration from the simulations is shown in Figures 4-6, 4-7,
and 4-8 for the three sites. For the short distance site, four of the models produce similar
durations: Anderson/Ni, Atkinson/Beresnev, Somerville, and Chiou. The Silva model produces
much longer durations and the O'Connell model produces much shorter durations. For the two
distant sites, the mean durations vary by about a factor of 2. The Anderson/Ni model, which
includes scattering effects, produces the longest durations (Fig. 4-8). The parametric variability
of the duration i1s shown in lower frame of Figures 4-6 to 4-8. For site 21, the parametric
variability is very small (less than 0.2 natural log units) but for site 29, off the end of the fault,
the parametric variability is much larger (0.1 to 0.6 natural log units). This increase in

parametric variability is probably due to variable hypocenter locations leading to forward and
backward directivity conditions.
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SECTION 5
CONCLUSIONS

The root question addressed in the MCEER/FHWA workshop is whether the existing modeling
methods may be confidently applied to ENA projects to develop time histories and attenuation
relations for engineering analyses. In terms of providing time histories, the methods can
produce time histories with reasonable non-stationary characteristics, but they will likely need
to be scaled to the design spectral level. Regarding attenuation relations, intuitively, finite fault
methods present a better seismological model of the physical process than point source models
that are the basis of existing EUS attenuation relations, but additional source parameters
required makes these models less robust. Finite fault models will not be ready for use in
attenuation relations for ENA until adequate validation is completed. Based on comparisons of
the simulated values for all methods, there are differences of up to factors of 5 in amplitude and
duration between the different models. There is a wide range in the number of earthquakes
against which the methods have been validated - from 1 to 17 earthquakes (Table 3-1).
Validation against a standard earthquake data set, with an adequate number of recordings for
each earthquake, should significantly reduce this range of model predictions. For example, the
range in predictions between those models with more validations varies by about a factor of 3 as
compared to a factor of 5 for all the models.

The single-event validation provided an example of the validation process but should not be
taken by itself as an evaluation of the models. Some of the models have been shown in other
validation exercises to well-match recorded motions on average. A comprehensive series of
validations of each model should be performed and thoroughly documented. Taking this to be
the case, the workshop provided a valuable forum for proponents of the less well-studied
models to begin the validation process.

The variation in simulation results for the models studied is large; however, at high frequencies,
the total aleatory variability is larger than the epistemic uncertainty due to different simulation
procedures. The epistemic uncertainty and aleatory variability of horizontal spectral
acceleration for site 21 lying about 150 km normal to the strike of the fault plane are shown in
Figure 5-1. Although the epistemic uncertainty between median ground motions for different
methods is much larger than parametric variability within a model, the total aleatory variability
(combination of modeling variability and parametric variability) is larger than the epistemic
uncertainty. Since the epistemic uncertainty is not dominate except at long periods, this gives
some confidence in the use of simulations to predict the distribution of the ground motion for

use in engineering applications. Further validations of the methods against a larger data set
should help to reduce the epistemic uncertainty.
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The consensus opinion among workshop participants is that model acceptability criteria should
be developed which define permissible limits on model bias. Methods that are documented and
meet the criteria, using a standard set of validation records archived in a library, could then be
objectively identified as adequate for application in the EUS. Participants agreed the validation
library should include strong motions from all ENA earthquakes with magnitude greater than
4.5, regardless of recording distance. About ten WUS events should also be included, with
magnitudes greater than about 5.5 and motions recorded at distances of less than 100 km.

This type of comprehensive model validation process presents a large task for modelers, but it

is a necessary step. Until this is done, unacceptably large differences in simulated ground
motions between different modelers will remain.
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MCEER Workshop on Ground Motion Methodologies for the Eastern United States
Sheraton Four Points Hotel,
Memphis, Tennessee
October 16 and 17, 1999

AGENDA
Thursday, October 16

8:30 Registration and Continental Breakfast - Conference Room 5
9:00 Welcome and Introduction (Friedland)

9:15 Objective of Workshop (Abrahamson)

9:30 Engineering User Needs (Power)

9:45 Review of Exercises (Abrahamson)

10:00  Treatment of Uncertainty and Model Validation (Abrahamson)

10:15 Break

Summary of Modeling Methodologies and Validations
10:30 Anderson

10:55 Chiou

11:20 Silva

11:45 Somerville

12: 10 Lunch - Conference Room 4

Summary of Modeling Methodologies (continued)
1:10  Hutchings/Jarpe

1:35 O'Connell

2:00 Atkinson

2:25  Papagoriou

2:50 Break
3:10  Results of Validation Exercise (Abrahamson)

4:00 Discussion
Validations for other events?
Are the methods adequately validated?
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4:30 Comments From Users
5:00 Adjourn
Friday, October 17
8:30  Gathering and Continental Breakfast - Conference Room 5

9:00 Comparison of Results of Simulation Exercise (Abrahamson)
Comparisons of ground motion parameters and waveforms

10:00 Discussion of Simulation Results

10:30 Break
10:45 Discussion of Simulation Results (continued)

11:15 Simulation Issues (Abrahamson)
How to evaluate the reasonableness of time histories?
What should be the criteria - duration, peak velocity, peak displacement, Arias

Intensity?

12:00 Lunch - Conference Room 4

1:00 Engineering Application of Ground Motion Simulations
Comments from users.
Need for a library of "MCEER approved" time histories?
How should the time histories be scaled?

2:00 Consensus Recommendations for Ground Motion Modeling (Abrahamson)

3:30 Adjourn
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Workshop on Ground Motion Methodologies for the Eastern United States
FHWA/MCEER Highway Project Task 106-F-5.4.2

INSTRUCTIONS TO PARTICIPANTS

Objective:

The objective of this two-day workshop is to evaluate the current methods for developing rock
time histories for engineering applications in the Eastern United States (EUS). There are two
issues to consider in this regard: the amplitude of the ground motion (e.g. response spectra) and
the character of the time history. The following questions will be addressed during the
workshop: Which methods can be used to reliably predict the amplitude of the ground motion
(median and variability) for defining design spectra? Which methods can be used to define the
non-stationary characteristics of the time history? Should time histories be scaled? If so, what
are the scaling rules? How can the results of the simulated time histories be evaluated to ensure
that they are reasonable?

Approach:

To allow an evaluation of various models and methodologies, both a validation exercise and a
simulation exercise will be conducted. These exercises will be performed by each of the ground
motion modelers using their proposed methods and models. The results of the exercises will be
submitted by each modeler to Dr. Norman Abrahamson prior to the workshop so that they can
be evaluated and presented in a standardized format for use during the workshop.

1. Validation Exercise

The validation 1s intended to evaluate how well the models can predict the ground motion from
previously recorded earthquakes. The comparisons will be made for response spectral values,
peak velocity, peak displacement, and duration. Ideally, this validation exercise should include
a large number of earthquakes; however, that is beyond the scope of this workshop. For this
workshop, only a single event validation is being requested.

There are two moderate-to-large events available for the EUS: the 1988 Saguenay earthquake,
and the 1985 Nahanni earthquake. The Saguenay event is the best recorded EUS event with
M>5 (distances 40-150 km), but it may have an anomalous source. The Nahanni event has
closer distances (8-16 km) with a larger magnitude, but it did not occur in the EUS (although the
spectral content looks like EUS ground motion).

For this exercise, the Saguenay event has been selected. A drawback to this selection is that

many seismologists consider it to be anomalous. This begs the question that if a model
produces a good match to Saguenay, will that model then produce a poor match for other more
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typical earthquakes? To help address this, if a model has been validated against other
earthquakes, that information should be provide by the modeler as well.

The following stations from Saguenay should be modeled:

Code | Station Name Dist (km) || Code Station Name Dist (km)
SMO01 | St. Ferreol, Quebec 114 SM10 | Riviere-Quelle, Quebec 114
SMO02 | Quebec, Quebec 150 SM16 | Chicoutimi-Nord, Quebec 48
SMO05 | Tadoussac, Quebec 110 SM17 | St-Andre-du-Lac-St-Jean 66
SMO08 | La Malbaie, Quebec 94 SM20 | Les Eboulements, Quebec 91
SMO09 | St-Pascal, Quebec 123

From the validation exercise, the bias of each model will be evaluated (i.e., is the model adequate
on average?) along with the variability of the residuals of the model predictions. This is needed
to define the total standard deviation of the prediction. (If validations from a larger number of
events have already been computed, modelers should include these results as well).

2. Simulation

The simulation exercise is not for a specific location. The event parameters are given below:

Site condition: hard rock, kappa = 0.006 sec
Moment magnitude: 7.0 (moment = 3.55 E26 dyne-cm)
Dip: 45 degrees (E)

Strike: 0

Rake: 90

Dimension: 50 km x 20 km

Top of fault: 2 km

Velocity structure: EPRI Midcontinent model
Distances: 0-500 km

Source realizations: (as appropriate for each model)

Each of the source parameters that were optimized in the validation exercise should be
varied in this simulation. This may include the following: slip model, hypocenter
location, sub-event parameters. A minimum of 10 source realizations should be run to

define the parametric variability term (30 1is better, but 10 is sufficient for this
workshop).

Fault Coordinates: (X, y, z) in km
Top of fault: (0,25,2) (0,-25,2)
Bottom of fault: (14.14,25,16.14) (14.14,-25,16.14)
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Appendix B
Model Validation Against Saguenay Earthquake

The plots in this Appendix document the model validations against the recorded motions of the
Saguenay earthquake. Each modeler participating in the validation exercise provided horizontal
acceleration time histories computed at nine Saguenay recording sites (Table 3-2). The
acceleration histories were subsequently integrated for velocity and displacement. The time
histories are shown in Figures B-1.1 through B-1.27. The recorded Saguenay motion and the
synthetic motions are plotted for each recording station. The modeler, trace designation, and

peak trace amplitude are listed to the right of each trace.

Spectra and acceleration durations were computed from the acceleration histories; velocity and
displacement durations were computed from the integrated motions. The spectral accelerations

are plotted in Figures B-2.1 through B-2.9 and the durations in Figures B-3.1 through B-3.27.

Three of the participants provided vertical motions. The vertical time histories, spectra, and

durations are shown in Figures B-4.1 through B-4.27, B-5.1 through B-5.9, and B-6.1 through
B-6.27.

The figures are provided on MCEER's web site at http./mceer.buffalo.edu. From the home
page, select "Publications,"” then "Interactive Catalog." A search form will appear. Enter 99-
0016 under the publication number on the form and select "Search.” Follow the instructions on

screen to locate and download the supplementary files.
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Appendix C
Anderson Scenario Modeling Results

The plots in this Appendix document the synthetic seismograms developed by Anderson and Ni
in the scenario modeling exercise. Three sets of figures are supplied: the first is the east
component of motion (Figures C-1.1 through C-1.30), the second is the north component
(Figures C-2.1 through C-2.30), and the last is the vertical component (Figures C-3.1 through
C-3.30). Anderson and Ni provided 10 synthetic accelerograms at each of the 30 scenario
stations. All 10 realizations at a station are plotted together on a single page. Eighty seconds of
motion are printed. To the right of each accelerogram are printed the peak trace amplitude in g

and the name of the file as supplied by Anderson and Ni.

The figures are provided on MCEER's web site at http:/mceer.buffalo.edu. From the home
page, select "Publications,” then "Interactive Catalog." A search form will appear. Enter 99-
0016 under the publication number on the form and select "Search." Follow the instructions on

screen to locate and download the supplementary files.
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Appendix D
Atkinson Scenario Modeling Results

The plots in this Appendix document the synthetic seismograms developed by Atkinson and
Beresnev in the scenario modeling exercise. One set of figures is supplied for an average
horizontal component of motion (Figures D-1.1 through D-1.30). Atkinson and Beresnev
provided 10 synthetic accelerograms at each of the 30 scenario stations. All 10 realizations at a
station are plotted together on a single page. Eighty seconds of motion are plotted. To the right

of each accelerogram are printed the peak trace amplitude in g and the name of the file as

supplied by Atkinson and Beresnev.

The figures are provided on MCEER's web site at http./mceer. buffalo.edu. From the home
page, select "Publications,” then "Interactive Catalog." A search form will appear. Enter 99-
0016 under the publication number on the form and select "Search." Follow the instructions on

screen to locate and download the supplementary files.

71






Appendix E
Chiou Scenario Modeling Results

The plots in this Appendix document the synthetic seismograms developed by Chiou in the
scenario modeling exercise. Three sets of figures are supplied: two horizontal components of
motion (HI and H2; Figures E-1.1 through E-1.50 and E-2.1 through E-2.50, respectively) and a
vertical component of motion (Figures E-3.1 through E-3.50). Chiou provided 12 synthetic
accelerograms at 25 of the 30 scenario stations (all except Stations 11, 12, 23, 24, and 30). The
realizations at a station are plotted 10 per page. Eighty seconds of motion are plotted. To the
right of each accelerogram are printed the peak trace amplitude in g and the name of the file as

supplied by Chiou.

The figures are provided on MCEER's web site at http:/mceer.buffalo.edu. From the home
page, select "Publications,” then "Interactive Catalog.” A search form will appear. Enter 99-
0016 under the publication number on the form and select "Search." Follow the instructions on

screen to locate and download the supplementary files.
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Appendix F
O'Connell Scenario Modeling Results

The plots in this Appendix document the synthetic seismograms developed by O'Connell in the
scenario modeling exercise. Three sets of figures are supplied: two horizontal components of
motion (east and north; Figures F-1.1 through F-1.30 and F-2.1 through F-2.30, respectively)
and a vertical component of motion (Figures F-3.1 through F-3.30). O'Connell provided 30
synthetic accelerograms at 10 of the 30 scenario stations (Stations 1, 2, 3, 4, 13, 14, 15, 16, 25,
and 26). The realizations at a station are plotted 10 per page. Eighty seconds of motion are
plotted. To the right of each accelerogram are printed the peak trace amplitude in g and the
name of the file as supplied by O'Connell.

The figures are provided on MCEER's web site at http:/mceer.buffalo.edu. From the home
page, select "Publications,” then "Interactive Catalog." A search form will appear. Enter 99-
0016 under the publication number on the form and select "Search.” Follow the instructions on

screen to locate and download the supplementary files.
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Appendix G
Silva Scenario Modeling Results

The plots in this Appendix document the synthetic seismograms developed by Silva in the
scenario modeling exercise. A single set of figures is supplied for an average horizontal
component of motion (Figures G-1.1 through G-1.90). Silva provided 30 synthetic
accelerograms at all 30 scenario stations. The realizations at a station are plotted 10 per page.
Eighty seconds of motion are plotted. To the right of each accelerogram are printed the peak

trace amplitude in g and the name of the file as supplied by Silva.

The figures are provided on MCEER's web site at http:/mceer.buffalo.edu. From the home
page, select "Publications," then "Interactive Catalog." A search form will appear. Enter 99-
0016 under the publication number on the form and select "Search." Follow the instructions on

screen to locate and download the supplementary files.
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Appendix H
Somerville Scenario Modeling Results

The plots in this Appendix document the synthetic seismograms developed by Somerville in the
scenario modeling exercise. Three sets of figures are supplied: two horizontal components of
motion (east and north, Figures H-1.1 through H-1.78 and Figures H-2.1 through H-2.78,
respectively) and the vertical component (Figures H-3.1 through H-3.78). Somerville provided
27 synthetic accelerograms at 26 of the 30 scenario stations (all except Stations 11, 12, 23, and
24). The realizations at a station are plotted 10 per page. Eighty seconds of motion are plotted.
To the right of each accelerogram are printed the peak trace amplitude in g and the name of the

file as supplied by Somerville.

The figures are provided on MCEER's web site at http:/mceer.buffalo.edu. From the home
page, select "Publications," then "Interactive Catalog." A search form will appear. Enter 99-
0016 under the publication number on the form and select "Search.” Follow the instructions on

screen to locate and download the supplementary files.
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Appendix I
Horizontal Synthetic Motion Summaries

The plots in this Appendix compare the results of the scenario modeling of horizontal ground
motion for all modelers at the 30 scenario stations. Response spectra and time history durations
were computed for an average horizontal component of motion - the results plotted are
geometric means of both horizontal components of motion (or one if only an average
component were provided) for all realizations provided by each modeler. Four sets of plots are
provided: spectral acceleration (Figures I-1.1 through I-1.30), acceleration duration (Figures I-
2.1 through 1-2.30), velocity duration (Figures I-3.1 through 1-3.30), and displacement duration
(Figures I-4.1 through 1-4.30). The standard deviations of the values are also shown.

The figures are provided on MCEER's web site at http./mceer.buffalo.edu. From the home
page, select "Publications,” then "Interactive Catalog.”" A search form will appear. Enter 99-
0016 under the publication number on the form and select "Search.” Follow the instructions on

screen to locate and download the supplementary files.
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Appendix J
Vertical Synthetic Motion Summaries

The plots in this Appendix compare the results of the scenario modeling of vertical ground
motion for all modelers at the 30 scenario stations. Response spectra and time history durations
were computed for the vertical components of motion provided by each modeler - the results
plotted are geometric means for all realizations. Four sets of plots are provided: spectral
acceleration (Figures J-1.1 through J-1.30), acceleration duration (Figures J-2.1 through J-2.30),
velocity duration (Figures J-3.1 through J-3.30), and displacement duration (Figures J-4.1

through J-4.30). The standard deviations of the values are also shown.

The figures are provided on MCEER's web site at http:/mceer.buffalo.edu. From the home
page, select "Publications," then "Interactive Catalog." A search form will appear. Enter 99-
0016 under the publication number on the form and select "Search.” Follow the instructions on

screen to locate and download the supplementary files.
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