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ABSTRACT

The purpose of the seismic hazard characterization of the Eastern United
States project, for the Nuclear Regulatory Commission, was to develop a
methodology and data bases to estimate the seismic hazard at all the plant
sites east of the Rocky Mountains.

A summary of important conclusions reached in this multi year study is
presented in this paper. The magnitude and role of the uncertainty in the
hazard estimates is emphasized in regard of the intended final use of the
results.

INTRODUCTION

The impetus for this study came from two
unrelated needs of the Nuclear Regulatory
Commission (NRC). One stimulus arose from the
NRC funded "Seismic Safety Margins Research
Programs" (SSMRP). The SSMRP's task of
simplified methods needed to have available data
and analysis software necessary to compute the
seismic hazard at any site located east of the Rocky
Mountains which we refer to as the Eastern United
States (EUS) in a form suitable for use in
probabilistic risk assessment (PRA). The second
stimulus was the result of the NRC's discussions
with the U.S. Geological Survey (USGS)
regarding the USGS's proposed clarification of
their past position with respect to the 1886
Charleston earthquake.

The results of this study were presented in
Eemreuter et al., [1], and the objectives were:

1. To develop a seismic hazard characterization
methodology for the entire region of the United
States east of the Rocky Mountains.

2. To apply the methodology to selected sites to
assist the NRC staff in their assessment of the
implications in the clarification of the USGS
position on the Charleston earthquake, and the
implications of the occurrence of the recent
earthquakes such as that which occurred in
New Brunswick, Canada, in 1982.

The methodology used in that 1985 study evolved
from two earlier studies that the Lawrence
Livermore National Laboratory (LLNL) performed
for the NRC. One study, [2], was part of the
NRC's Systematic Evaluation Program (SEP) and
is simply referred hereafter to as the SEP study.
The other study was part of the SSMRP.

At the time (1980-1985), an improved hazard
analysis methodology and EUS seismicity and
ground motion data set were required for several
reasons:
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• Although the entire EUS was considered at
the time of the SEP study, attention was
focused on the areas around the SEP sites—
mainly in the Central United States (CUS)
and New England. The zonation of other
areas was not performed with the same level
of detail.

• The peer review process, both by our Peer
Review Panel and other reviewers, identified
some areas of possible improvements in the
SEP methodology.

• Since the SEP zonations were provided by
our EUS Seismicity Panel in early 1979, a
number of important studies had been
completed and several significant EUS
earthquakes had occurred which could impact
the Panel members' understanding of the
seismotectonics of the EUS.

• Our understanding of the EUS ground
motion had improved since the time the SEP
study was performed.

By the time our methodology was firmed up, the
expert opinions collected and the calculations
performed (i.e. by 1985), the Electric Power
Research Institute (EPRI) had embarked on a
parallel study.

We performed a comparative study, [3] to help in
understanding the reasons for differences in results
between the LLNL and the EPRI studies. The
three main differences were found to be: (1) the
minimum magnitude value of the earthquakes
contributing to the hazard in the EUS, (2) the
ground motion attenuation models, and (3) the fact
that LLNL accounted for local site characteristics
and EPRI did not. Several years passed between
the 1985 study and the application of the
methodology to all the sites in the EUS. In
recognition of the fact that during that time a
considerable amount of research in seismotectonics
and in the field of strong ground motion prediction,
in particular with the development of the so called
random vibration or stochastic approach, NRC
decided to follow our recommendations and have a
final round of feedback with all our experts prior to
finalizing the input to the analysis.

In addition, we critically reviewed our
methodology which lead to minor improvements
and we also provided an extensive account of
documentation on the ways the experts interpreted
our questionnaires and how they developed their
answers. Some of the improvements were
necessitated by the recognition of the fact that the
results of our study will be used, together with
results from other studies such as the EPRI study
or the USGS study, to evaluate the relative hazard
between the different plant sites in the EUS.

METHODOLOGY

The methodology used in this study is developed
around three basic elements:

1. The estimation of the seismic hazard (the
hazard model) is analytically defined by the
now classical Cornell model [1,3,4,5, 6].

The various elements, seismicity and ground
motion attenuation are expressed separately and
integrated to provide an estimate of the
probability of exceedance of the peak ground
acceleration (PGA) and of the 5% damping
spectral velocity at five frequencies.

2. It is recognized that every element of the hazard
modeling is subject to uncertainties. The
random (or physical) uncertainties in the
prediction of the ground motion are analytically
accounted for in the hazard model. Other
uncertainties, random and model uncertainties,
are propagated in the analysis by means of a
Monte Carlo simulation technique.

The uncertainty in the seismicity distribution is
accounted for by generating a large set of
zonation maps and associated seismicity
parameters (a- and b- values, upper magnitude
cutoffs) and the uncertainty in the ground
motion modeling is accounted for by using a
set of 11 alternative models for the attenuation
of the peak ground acceleration (PGA) and for
the attenuation of the spectral velocity at the
five frequencies.

The local soil site conditions at each site were
acknowledged and each time a site correction
factor was used, it was described by a
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probability distribution function to model the
uncertainty found in site amplification data.

In the Monte Carlo technique, each hazard
estimate (simulation) is done with a fixed value
of the parameters. (A single zonation map,
ground model, a single pair of a and b-values
for each zone of the zonation map, a single
value for the ground motion uncertainty-sigma,
and a single value for the site correction factor).
The process is repeated many times (2750
times in our analysis for PGA and 1650 for
spectra), and in each simulation a new value of
the uncertain parameters is drawn from their
respective probability distribution.

The result of this experiment is a large set of
artificial estimates of the seismic hazard from
which the 50th (median), 15th and 85th
percentile hazard curves are calculated to
represent the central tendency (median) and
total uncertainty (random and modeling) in the
seismic hazard.

3. This study was intended to represent the
opinion of the scientific community with
respect to seismic hazard estimation. To this
effect, two panels of experts were formed. The
seismicity panel, composed of 11 experts (S-
experts) in the field of seismicity of the EUS,
and the ground motion panel, composed of five
experts (G-experts), represent a cross section
of the various schools of thoughts and opinions
currently present in the scientific community.
The opinion of each of these experts was
elicited via questionnaires to develop the input
necessary to the hazard model.

The questionnaires were such that they enabled
the experts to express their opinion as to which
models, or parameter values were the most
likely to represent the true state of nature. In
addition, whenever necessary, the experts had
to describe their opinion on the uncertainty
about the parameter value they selected in a
qualitative and quantitative fashion.

Several feed back meetings were organized to
ensure the experts opinions were interpreted
correctly and to give the experts an opportunity
to critically review their answers to the
questionnaires and eventually to modify them.

These three elements, seismic hazard model, use of
expert opinion and propagation of the uncertainty
form the basis of our methodology. Other methods
available today, may vary in several respects. For
example, many seismic hazard analyses do not
recognize the variability in the estimates due to the
source of the input (i.e. they may use only one
expert to define the seismicity or the ground motion
model). Some do not account for the uncertainty in
the many uncertain parameters in such an analysis
(e.g., a and b-values, upper magnitude cutoff, etc).

The method developed by the Electric Power
Research Institute (EPRI) [7] has many common
elements to ours. The basic hazard model is the
same, the input is obtained through the elicitation
of expert's opinion and all types of possible
uncertainties are recognized including the
variability in the expert opinions. The overall
uncertainty is propagated by the means of the
enumeration method where all the possible
combinations of parameters are considered, in
contrast to using a Monte Carlo method which
selects alternatives at random from known
probability distributions.

GROUND MOTION MODELING

The seismic hazard model requires an estimate of
the probability of exceedance of a given level of
ground motion (i.e., PGA or PSRV), for an
earthquake with known magnitude and location.
We divided the problem into two independent
ones.

1. For a known earthquake (i.e., magnitude and
distance from the earthquake source to the site
considered), and assuming generic soil type at
the site (i.e., rock or deep soil), we estimate the
ground motion at that site. This is usually
referred to as the ground motion attenuation
modeling.

2. If the subsoil conditions at the actual site are
different from the generic conditions, we apply
a correction to the estimate of the ground
motion. This part is usually referred to as the
site soil correction.

For smaller studies, (i.e. when studying only one
site), the above two items need not be separated.
Actually, with the necessary resources of time and
effort, a site specific type of modeling is almost
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always preferable to a generic type of approach. In
our experience, the improvements reside more in
the amount of uncertainty than in the actual values
of the estimates. For example, the median hazard
estimates of the site generic case may be only a few
percent away from the specific case, but the 15th
and 85th percentile curves may show much wider
uncertainties. In this section, we review the
attenuation part of the ground motion modeling.
The next section is concerned with the site
correction aspect

Consistent with the philosophy of our
methodology, the ground motion model input was
developed by elicitation of the G-cxperts opinion,
with two rounds of feed back. The intent was not
to obtain what some would be tempted to call "The
Model", but rather to sample the experts to ensure
that all the models that the experts deemed rational
and possible be considered. Each expert was free
to select as many models as he wished and assign
whatever weight he wanted to each one of them.
The total weight of the models for a given expert
was unity, and the weight of each expert was the
normalized self weight given by the expert himself
(the self weights were roughly 1/5 for each of the
five G-experts).

The final set of attenuation models selected by the
experts includes a range of available models
including the empirical, intensity based models
(Veneziano [8], Trifunac model [9], the empirical
model of Nuttli [1], and the theoretical models of
the Atkinson type [10] also called random vibration
models (RV models). The difference between the
various types of models is shown in Figs. 1 and 2
for the attenuation of the PGA for two events, of
magnitude 5 and 7. Figure 1 shows the best
estimate models for each of the 5 G-experts for a
rock site (i.e. the model which they believed were
the most appropriate to represent the median PGA
for a given magnitude and distance). Figure 2
shows the additional models selected by the experts
to express their uncertainty in the models.

r l0

OISTANCC-HM

Figure 1 Best estimate PGA models plotted for
magnitudes of 5 and 7. Rock base case:

DISTMICC-IU

Figure 2 Remaining PGA models plotted for
magnitudes of 5 and 7. Rock base case.
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Examination of these two figures immediately
draws several conclusions.

1. The dispersion betwe< a the models is large,
approximately a factor of 10, in the range of
distances of 50km to 200km.

2. The dispersion is much less within 50km.

3. The RV models are much lower than the other
models. As much as a factor of 10 for
distances greater than 100km, at both
magnitudes 5 and 7.

4. Model number 3 in Fig. 1 (Trifunac's model),
is higher than the rest of the models by a factor
of approximately two, up to 200km for
magnitude 7. However, Fig. 3 shows that the
difference is much smaller for the deep soil
case.

DIST»NC€-KM

Figure 3 Best estimate PGA models corrected to
generic deep soil for magnitudes of 5 and 7.

This selection of models is somewhat of a
departure from our previous analyses, where the
RV models were not used. In this analysis, the RV
models account for approximately 50%, Nuttli's
model 20%, Trifunac model 20% and Veneziano's
model 10%.

In spite of these drastic changes in the ground
motion models from our previous study on 10 test
sites in the EUS [6], and some changes in the
seismicity modeling, the estimates of the seismic
hazard in terms of exceedance of PGA did not
drastically change, as can be seen in Figs. 4 and 5.

-2
10

O o Previous Results

Updated Results

Z ACCELERATION CM/SCC"2

BRA IDWOOD

Figure 4 Comparison of the 15th, 50th and 85th
percentile CPHCs aggregated over all S and G-
Experts between the new input and the previous
input from the S and G-Experts for the Braidwood
site.

The ground motion attenuation models of the
response spectral velocity, in addition to being of
the three types, empirical, semi-empirical and
theoretical, could be either based on original
spectral shapes (the RV models, and Trifunac's
model), or Newmark-Hall type models constructed
with PGA and velocity models of the types
described for PGA: Fig. 6 shows the best estimate
spectral models for the five G-experts for the rock
case. Model 1 of Fig. 6, is a "pure" RV model,
and model 3 is a Newmark-Hall model [11]
constructed with RV models of PGA and velocity.
Model 2 is the Trifunac model, and models 4 and 5
are Newmark-Hall models based on semi-empirical
relationships of PGA and velocity attenuation
models.
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MILLSTONE

Figure S Comparison of the 15th, 50th and 85th
percentile CPHCs aggregated overall S and G-
Experts between the new input and the previous
input from the S and G-Expens for the Millstone
site.

-I
10

• • raioo (xc) 2

Figure 6 Best estimate 5 percent damped relative
velocity spectra models listed in Table 3.6 plotted
for magnitudes of 5 and 7 at a distance of 25 km.
Rock base case.

In toto, the contribution from RV models was
approximately 53% (including 44% of "pure" RV
models and 9% of Newmark-Hall-RV models),
27% of Newmark-Hall-semi-empirical models, and
20% for the Lee and Trifunac model [12]. In other
words, the pure RV models accounted for 44%,
Newmark-Hall models 36% and Lee and Trifunac,
20%. Figure 6 shows the difference in behavior
between the various spectral models. These
median models are defined at five periods (0.04,
0.1, 0.2,0.4, and 1.0 second). Examination of
Fig. 6 leads to the following immediate
conclusions:

1. The variability for 0.2,0.4, and 1.0 sec. is
much greater than for 0.04 and 0.1 sec, with
the variability being the greatest at 1.0 sec.

This is due mostly to the vastly different
behavior of the "pure" RV model (model
number 1 in Fig. 6) by comparison to the
Newmark-Hall type model.

2. At low period (0.04 sec), the "pure" RV model
is higher than the other models, especially for
the higher magnitudes, and it is substantially
lower at higher periods.

Thus, when comparing previous results to the
present study, the present estimates show a
drastic change in the estimated spectral shape,
with relatively much higher levels at low period
and much lower levels at higher periods.
Figure 7 shows this "flattening" effect for a
typical site in the North Central region of the
EUS.

SITE CORRECTION

The ground motion attenuation models selected by
the G-experts were derived either for rock site
conditions or deep soil. The Trifunac model was
derived for rock, deep soil or some other category
which the author calls intermediate. In each trial,
the Monte-Carlo simulation process selects at
random one of the ground motion models, at a rate
proportional to the weights assigned by the
experts. Thus, each time the ground motion model
selected did not match the soil site conditions, a
correction was applied. The opinions of the
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Figure 7 Comparison of the 1000 year return
period 15th, 50th and 85th percentile CPUHS for 5
percent damping aggregated over all S and G-
Experts between the new input and our previous
input from the S and G-Experts for the Millstone
site.

experts were elicited to define what type of
corrections and how the corrections should be
applied. In the end, two types were selected.

1. The simple correction approximates the soil
sites conditions to only two generic categories,
either rock or soil, or three categories in the
case of the Trifunac's model.

2. The categorical correction differentiates all of
the EUS sites into eight different generic
categories. Rock, deep soil, shallow till-like
soil (three different depths) and shallow sand-
like soil (three different depths).

The experts were also given the opportunity to
apply no correction at all, if they did not believe
that the data available showed any definite trend
depending on the site soil type. This latter
alternative was not selected by any of the experts.
Four of the G-experts opted for the categorical
(eight categories) correction method and one G-
expert opted for the simple correction.

The simple correction consists in applying a fixed
multiplication factor to the median attenuation
curve. By contrast, the correction applied in the
categorical correction has some variability. This
variability was described by a probability
distribution function from which the correction
factors were drawn in each of the Monte Carlo
trials. In terms of interpretation, and usage, of the
final seismic hazard results, there is a fundamental
difference between the two methods of correction.
One, the simple correction, deterministic, does not
account for the uncertainty innerent in predicting
the amplification at a shallow soil site, the other
does (Probabilistic case).

In the deterministic case, the hazard curve derived
for a soil site would be exactly the hazard curve
derived for a rock site at the same location
multiplied (in the PGA axis direction) by the
correction factor from rock to soil.

This is not true in the probabilistic case where
several random variables with various symmetrical
or unsymmetrical probability density functions.
With the choices of probability density functions in
our analysis, the probabilistic correction leads to a
median hazard curve slightly (up to 10% in PGA)
lower than if a deterministic case with correction
factor equal to the median of the probabilistic
distribution of the probabilistic correction factor
were used. In addition, the uncertainty bounds on
the total hazard are larger. The 85th percentile
hazard curve can be up to two times higher (in
PGA values) than the deterministic case.

The conclusion is that it is appropriate to perform
the correction on the hazard curve if one believes
that the correction factor is a fixed value, known
without uncertainty. It is not appropriate to
perform such a correction on the hazard curve if
the correction factor is known with uncertainty.

Thus, in our analysis where one-fifth of the
corrections were deterministic and four-fifth were
probabilistic, it would not be appropriate to
perform the site correction on the hazard curve.

One interesting consequence of having several
types of correction factors is that it makes it
regionally dependent, due to the complex
interaction between zonation and seismicity-ground
motion and site correction. The reader is referred
to Bernreuter et al., Vol. 6 [1] for more details on
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the mechanics of this regional dependency. Table
1 gives a summary of the site correction results for
12 sites in the EUS. In this table, the soil category
is one of the eight categories discussed earlier in
this section, columns 1,2, and 3 are the ratios of
PGA values, read on the median hazard curves, at
fixed probability of exceedance values (10"3,10"4,
and 10"5) between the soil and rock cases. Column
(4) is an average of columns 1, 2, and 3. Column
(6) is the deterministic correction factor for the
Trifunac model and column (7) is the median of the
probabilistic correction factor used in the
categorical correction method. Column (5) is a
weighted average of columns (6) and (7). If there
were no regional effects, we would expect the
actual correction factors (i.?. column 4), to be close
to the weighted averages (i.e. column 5). The
deviation from the value in column (5) is due to the
complex interaction between ground motion
models, seismicity zones and seismicity
parameters. Depending on all those factors the
impact will be that the correction advocated by G-
expert 5 will have more or less weight, relative to
the other 4 experts. For Oconee, the combination
of the above mentioned interactions leads to an
impact of G-expert five greater than the equal
weight case. For the other sites, but Three Mile
Island, the effect is reversed and the impact of
G-experts 5 is diluted.

The case of Arkansas, Callaway and Duane Arnold
requires additional scrutiny. For those three sites,
Table 1 shows that the effective amplification
factors (column (4)) obtained in our simulation are
close to the case when G-expert 5's model is not
used (compare columns 4 and 7). This
phenomenon seems extreme and can be explained
as follows, (remembering that we are comparing
median hazard curves for rock and for soil):

• For the rock case, the contribution to the
hazard comes from distant large earthquakes.
Figure 1 shows that in that range, G-experts
5's ground motion model (number 3 on Fig.
1) is much higher than the rest of the models.
Thus, the resultant median value is more
representative of the other four ground
motion models.

• For the shallow soil case, the large, distant
earthquakes are also dominant, and G-experts
5's model falls within the cluster of other
models, thus, the median will be
representative of all the models, and in
particular again close to the median without
Expert 5.

The result is that the final ratio of PGA between
shallow and rock cases for these three sites is close
to the case when only the categorized correction is
used (i.e., the correction recommended by all but
G-expert 5).

This discussion indicates that in general the hazard
curve computed for shallow soil is close (here,
never more than 10% higher in the direction
parallel to the ground motion (PGA) axis and more
often within 1 or 2%) to what would be obtained
by simply applying a median correction factor to
the hazard curve for rock. However, the
complexity of the process makes it very difficult to
isolate the parameters which make this ratio deviate
at some sites from the expected ratio and thus
makes it, for the time being, impossible to predict.

Thus, when using the results of our analysis, it is
incorrect, even approximately, to routinely correct
a rock hazard curve to get an estimate of a soil
hazard curve, when a combination of site
corrections are used, in addition the site correction
is in effect region dependent.

USE OF THE RESULTS OF THE
SEISMIC HAZARD ANALYSIS

The results of a seismic hazard analysis can be
used in a variety of ways either in a relative or
absolute sense.

Hazard curves used in Probabilistic risk
assessment (PRA) studies rely on the estimates as
true estimates of the hazard (absolute sense). So
does any investigation of a single site without
comparing it to other sites. For this reason it is
important to incorporate the entire specification of
the hazard, including its uncertainty, rather than a
point estimate or even a mean or median value. To
this effect, most PRA now use a family of curves
to represent the uncertainty in the seismic hazard
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TABLE 1

RATIOS OF PGA VALUES BETWEEN SHALLOW AND ROCK CONDITIONS
FOR FIXED VALUES OF THE HAZARD

Ratio Shallow/Rock

Site

All
Prob. of Exceed. Equal Only W/O

SoU 10-3 10-4 io-5 Avg. Weight G5* G5**
Category (1) (2) (3) (4) (5) (6) (7)

1

2

3

4

5

6

7

8

9

10

11

12

Nine Mile Point

Susquehanna

Three Mile Island

Browns Ferry

Catawba

Farley

North Anna

Oconee

Summer

Arkansas

Callaway

Duane Arnold

Sand-1

Till-2

Sand-1

Sand-1

Sand-1

Sand-1

Sand-1

Sand-1

Sand-1

Till-1

Sand-1

Till-1

1.57

1.30

1.50

1.56

1.59

N/A

1.51

1.37

1.47

1.51

1.65

N/A

1.58

1.30

1.47

1.66

1.58

1.56

1.50

1.44

1.62

1.50

1.70

1.50

1.59

1.30

1.44

1.68

1.55

1.49

1.51

1.47

1.61

1.50

1.72

1.50

1.58

1.30

1.47

1.63

1.57

1.53

1.51

1.43

1.57

1.50

1.69

1.50

1.47

1.25

1.47

1.47

1.47

1.47

1.47

1.47

1.47

1.39

1.47

1.39

0.73

0.73

0.73

0.73

0.73

0.73

0.73

0.73

0.73

0.73

0.73

0.73

1.65

1.38

1.65

1.65

1.65

1.65

1.65

1.65

1.65

1.55

1.65

1.55

•Ratio of PGA shallow/rock given by G-expert 5 only.
•*Ratio of PGA shallow/rock given by G-experts 1,2,3 and 4 only.

estimates. Comparison between plant sites,
regions or groups of sites rely mostly on the
relative level of hazard between the sites.

Figure 8 shows the median hazard curves for 19
sites in the north eastern pan of the EUS and Fig. 9
for 16 sites in the north central region. It is clear
based on these median values that on the average,
the seismic hazard in the north central region is
lower than that of the north east.

Another use of the results is in comparing the
spectral shapes of the uniform hazard spectra
CUHS) at different sites.

The spectral level is sensitive to both the rate of
occurrence and earthquake magnitude. The longer
period part of the CPUHS is very strongly
influenced by magnitude. Thus, sites which are
influenced by very large earthquakes, e.g., around
the New Madrid region, will have more longer
period energy than sites in New England where the
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ACCELERATION CM/SEC"2

Figure 8 Comparison of the median CPHCs for the 19 sites in the North East.

ACCELERATION CM/SEC»«2

Figure 9 Comparison of the median CPHCs for the 16 sites in the North Central EUS.
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local activity from smaller earthquakes is
important. There is some influence of attenuation
on the short period end of the spectrum, but it is
relatively small.

This is illustrated in Fig. 10 where we compare,
for two rock sites, the spectral shapes between a
site (Arkansas) where very large earthquakes
dominate the hazard as contrasted to a site
(Limerick) at which the seismic hazard is governed
primarily by smaller nearby earthquakes. The main
difference in spectral shape is at the longer periods.
There is some difference at the short period end but
it is relatively small.

Another important use of the hazard estimates
consists in sorting the various sites according to
criteria based on the probability of exceedance of
some pre-chosen ground motion value. As an
example, Fig. 11 shows an ordering of the 69 sites
in the EUS according to the median value of the
hazard at 0.2g. Figure 11 shows that, depending
on the type of criteria one would choose, several
kinds of groupings could be obtained. The first
two sites in the ordering, could be considered as
forming a group by themselves, then the next five
sites could form a second group, etc
On the other hand, if the sites were ordered
according to the arithmetic mean of the hazard
(shown by the symbol "A" on Fig. 11), the order
would be quite different. The same would be true
of the 85th percentile (represented by the "*"
symbol in Fig. 11).

Furthermore, using the hazard at 0.6g instead of
0.2g would also lead to different results. Thus, it
is quite obvious that ordering the sites on the basis
of seismic hazard alone could be misleading at best
and always tainted with some arbitrariness.

Risk based criteria could help in ordering the sites
but could also be misleading if one is not careful in
selecting the criteria for ordering. One alternative
would be to order the sites on the basis of
probability of core melt, or even on the total
consequences of release, but clearly this would
require enormous efforts to include all sites.

More simply however, generic plant fragility
functions could be developed from the 20 or more
existing PRA's, and the probability of core-melt

could be estimated for all sites, More simple
methods yet can be thought of which in some
manner consider some aspect of risk.

In a follow up project, our charter was to develop
grouping techniques and identification of outliers
purely on the bases of the seismic hazard at the 69
plant sites. Without specifically involving risk, we
considered the probability of exceedance of the
SSE values and multiples of the SSE, 0.3g and
0.5g. In addition we defined a new hazard
parameter equal to a linear combination of the
hazard at the five periods available. This new
measure of the hazard places the emphasis on
different periods at will, emphasizing the periods
which are more important for a given plant. For
example the 0.4 sec. to 0.1 sec. period window is
in general more important than the rest of the
spectrum. In other cases one might want to

•2 ' 2 ttKioo <sce> S 2

Figure 10 Comparison of the 10,000 year
return period CPUHS between the Arkansas and
Limerick sites (both rock sites).

emphasize the low period range, smaller than 0.02
sec.

This methodology was reported in Bernreuter [13].

Second DOE Natural Phenomena Hazards Mitigation Conference - 1989

248



o
o

-2

- J

- 4

-5

-6

-7

1;

' i < ' , ' •

i
M

•' j
j 1

il..

1 °e

i

<

I1'

t | I ' l » •

1 1** •
' n

A
A « .

A" U ' * *
; A 1 •

B* S B>

M |
 8? I'

' ' J. 1 B?'I ii
... . ' , 9 B

*

A

1'
1 J

«•

A
;

1
1

• «

A A

A> A ^ A
 A

•1 t ' ?
' A • « »

i ^

A

A t

i 1 9
! ' •

?' ri ;
 A! ' ! '

!ii ii
;•! N
. i ' .

,1

' T '
1
h
if

1.

B

|

*

, i

i ' A-&
ip. •.

3. '

i 8'

' ' 1'
! ' 1
1 ; i

i

*

i

o

SITE NUMBER

Figure 11 The 69 sites have been ordered by median probability of exceeding
0.2g. The symbols A, B, M and *, respectively represent the arithmetic mean, the
best estimate, the median and the 85-15th percentile hazards. Note that if the site
had been ordered according to other than the median hazard, a different order would
have been obtained.

CONCLUSION

The detailed conclusions reached in the course of
this study are given in [1]. The following is a
summary of the most important ones:

(1) There is substantial uncertainty in the
estimated hazard. The typical range in the
value of the probability of exceedance
between the 15th and 85th percentile curves
for the PGA is on the order of 40 times, for
low PGA; it is more than 100 at high PGA
values. This translates into an approximate
factor of 4 in ground motion for the 15th-
85th range of values in the PGA given a fixed
return period, and similarly an approximate

factor of 4 in the ground motion for the range
of values in the PSRV for a given return
period.

The range between the 15th and the 85th
percentile hazard curves represents the total
uncertainty in estimating the seismic hazard at
a site due to two sources of uncertainty:

• The uncertainty of each expert in the
zonation, models and values of the
parameters of the analyses.

• The variation in the hazard estimates due to
the diversity of opinirns between experts.
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The latter, or inter-expert variation is an
important contributor to the total uncertainty
in the estimated hazard. Specifically, the
magnitude of uncertainty introduced by the
diversity of opinions between experts is of
the same order, jn the average, as the
uncertainty in the hazard due to the
uncertainty of an individual expert in the
value of the parameters. However, at rimes
the uncertainty between experts can be very
large.

(2) The 50th percentile CPHC appears to be a
stable estimator of the seismic hazard at the
site. That is, it is the least sensitive to
changes in the parameters, when compared to
other estimators considered in this study.

(3) The process of estimating the seismic hazard
in the EUS is reasonably stable. Comparison
with our previous results indicated that there
has not been a major shift in results over the
past few years, although there have been
some significant perturbations in the form of
recent occurrences of EUS earthquakes and
the completion of several major studies of the
seismotectonics of the EUS. In the feedback
performed in this study, there were some
changes introduced by members of both the
Seismicity and GM Panels. However, the
computed hazard when aggregated over all
experts did not significantly change.
However, the introduction of the "new"
random vibration models introduced a
significant change in the spectral shape by
raising the spectral values in the high
frequency range and lowering it in the low
frequency range.

(4) It is difficult to rank the uncertainties,
because zonation and the parameters of the
recurrence models are hard to separate.
Nevertheless, our results indicate that the
uncertainty in zonation, and ground motion
models are more significant than the
uncertainty associated with the seismicity
parameters. The largest contribution to
modeling uncertainty comes from the
uncertainty of the ground motion. The
correction for local site effects is a significant
contribution to the overall uncertainty
introduced by the ground motion models.
However, as already noted, the uncertainty

(5)

introduced by zonation and recurrence
models is also significant and of the same
order.

We found that the correction for the site's soil
category had an important effect on the
estimated hazard.

(6) We found that with our methodology, in
general the site soil correction is not a linear
operation on the hazard curve. Thus it is, in
general, incorrect to modify a hazard curve
calculated for a rock site by multiplying by a
constant number (i.e., mean or median
correction factor) to obtain the hazard curve at
the same site for a different soil condition.
Performing this incorrect operation could lead
to errors in th;? estimate of the PGA, for a
fixed return period, by as much as
10 percent. However, we found that for
some sites, multiplying the median hazard
curve for rock by the median correction factor
would have given approximately the same
median hazard curve we obtained by
performing the full analysis with our
probabilistic correction factors.
Unfortunately, at the present time, we have
not been able to develop criteria to identify
when performing such operation is
acceptable.

(7) Although the soil site correction is not region
dependent, we found that other complex
interactions, with zonation seismicity and
ground motion models, made the site
correction actually region dependent in our
methodology.
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