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EFFECTS OF UNCERTAINTY IN SEISMICITY ON ESTIMATES OF 

SEISMIC HAZARD FOR THE EAST COAST OF 

THE UNITED STATES 

BY ROBIN I(. McGuIRE 

ABSTRACT 

The lack of knowledge of the cause of earthquakes in the Eastern United States 
and the short length of seismic history lead to decisional and statistical uncertainties 
concerning the seismicity of the East. The effect of these uncertainties on the calcu- 
lated seismic hazard for the east coast is assessed by deriving probability dis- 
tributions on the important parameters. 

The available earthquake catalog for the Eastern United States is adequate to 
establish activity rates for seismic sources but not maximum possible sizes of events. 
Thus it is not justifiable on a statistical basis to assume that events larger than those 
observed historically in areas of the East will not occur in the future. The Modified 
Mercalli intensities associated with an annual probability of 10 -4 of being equaled 
or exceeded range from VIII to IX for selected sites from Florida to Maine; these 
intensities are generally insensitive to the manner in which seismic sources are 
drawn to represent seismicity, except for those sites which lie within an important 
seismic source under one hypothesis and outside all seismic sources under a different 
hypothesis. 

Several disadvantages of using a strictly deterministic procedure to determine 
design intensities are disclosed by this study. Specifically, design intensities estab- 
lished deterministically are sensitive to seismic source geometry and to the largest 
event observed historically in each source. The risks associated with these design 
intensities vary by more than a factor of ten for the sites on the east coast examined 
here. 

I N T R O D U C T I O N  

Statistical uncertainty in parameters can have an important effect on the calculated 
hazard for engineering problems, especially when high reliability (low risk) design 
levels are sought with a small amount of data available on which to base the analysis 
(Veneziano, 1974). This is the case for nuclear power plants in the Eastern United 
States, where high reliability is required for seismic design but where the available 
history and low levels of seismic activity give few data on which to base seismic de- 
sign decisions. The incorporation of statistical parameter uncertainties in seismic 
hazard analysis has been proposed and illustratedby several authors (Esteva, 1969, 
1974; Veneziano, 1975). However, no comprehensive study of seismic hazard for 
many sites along the east coast of the United States has been reported which in- 
corporates uncertainties in seismic source zone, activity rate, b value, and maximum 
possible size of events. Such a study is the purpose of the research reported here. 

Throughout this study, Modified Mercalli (MM) intensity is used as the measure 
of ground shaking and of earthquake size. MM intensity is taken to be a continuous, 
rather than a discrete, random variable; results for the discrete variable are easily 
drawn from those of the continuous variable. Conclusions regarding the effect of 
parameter uncertainties on design ground motions derived in this study will apply 
for any parameter of ground motion which behaves similarly to MM intensity with 
respect to event size and source to site distance. 
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828 ROBIN K. MCGUIRE 

FIG. 1. Epicenters,  single seismic source, and sites invest igated.  

To perform a probabilistic seismic hazard analysis for a site, the seismicity of the 
region must first be defined. In typical seismic hazard analyses (e.g., Cornell and 
Merz, 1975; Shah et al., 1975; Algermissen and Perkins, 1976), the definition of seis- 
micity is made as follows. Using geologic and tectonic data as well as observed earth- 
quake locations, the region of study is divided into seismic sources, within which 
future events are considered equally likely to occur at any location. For each seismic 
source, the rate of occurrence of events above a chosen threshold level is estimated, 
using the observed frequency of historical events. The sizes of successive events in 
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EFFECTS OF UNCERTAINTY IN SEISMICITY ON SEISMIC HAZARD ESTIMATES 829  

each source are assumed to be independent and exponentially distributed; the slope 
of the log-number versus frequency relationship (which is proportional to the parame- 
ter of the exponential distribution) is estimated from the relative frequency of dif- 
ferent sizes of events observed in the historical data. This slope, often termed the b 
value (Richter, 1958), is determined either for each seismic source individually or for 
all sources in the region. Finally, the maximum possible size of events for each source 
is determined, using judgment and the historical record. 

In this study, judgmental and statistical uncertainties in the definition of seismicity 
for probabilistic hazard analysis in the Eastern United States are examined, and the 
effect of these uncertainties on the hazard calculated for building sites on the east 
coast is determined. Uncertainties in seismic sources, activity rates, b values, and 
maximum possible sizes of events are described, using the earthquake catalog illus- 
trated in Figure 1 as a source of data, and the influence of these uncertainties on 
seismic hazard is illustrated where appropriate. 

Data for the study consisted of a catalog of 467 events occurring between 1534 and 
1974 in the United States and Canada east of longitude 95°W, for which maximum 
MM intensities between V and XII  had been assigned. This catalog was obtained by 
removing obvious aftershocks from a larger data set. The data are plotted on a map 
of the Eastern United States in Figure 1; at locations where several epicenters are 
listed, only the largest MM intensity has been plotted. 

SEISMIC SOURCES 

Several alternate hypotheses were examined for specification of seismic sources 
within which the earthquake recurrence process is considered spatially and temporally 
homogeneous. The effect of these different hypotheses on the calculated seismic hazard 
is described below. 

The first hypothesis is based on the assumption that seismicity within the entire 
Eastern United States is uniformly distributed, i.e. that areas of high or low rate of 
occurrence cannot be distinguished, and that events of MM intensity up to XII  can 
occur anywhere. The area used to calculate the occurrence rate under this hypothesis 
is shown in Figure 1. 

A second hypothesis for the specification of seismic sources examined is that used 
in a recent seismic risk study of the United States (Algermissen and Perkins, 1976). 
These sources were determined using historical seismicity and available geologic and 
tectonic evidence, and are shown in Figure 2. 

The third hypothesis used to specify seismic sources was derived from a seismotec- 
tonic map of the Eastern United States (Hadley and Devine, 1974). Again, this 
seismotectonic map was compiled by interpretation of historic seismicity and tectonic 
data. The sources used in this study, derived from the Hadley and Devine map, are 
shown in Figure 3. Some slight modifications of the areas as originally published by 
Hadley and Devine were required for computer input, such as the use of straight line 
segments rather than curves to define area boundaries. These changes in no way 
affect the results or conclusions reached in this study. 

The differences between the seismic sources in Figures 1, 2, and 3 are worth empha- 
sizing. The source in Figure 1 assumes no knowledge of the causative mechanism under- 
lying the earthquake process, whereas the sources of Figures 2 and 3 presume that the 
pattern of future activity can be estimated, in a gross, statistical sense, by historical 
seismicity and available geologic and tectonic evidence. The differences between the 
sources of Figures 2 and 3 are important; Figure 2 shows a rather broad geographical 
interpretation of seismic, geologic, and tectonic data, whereas Figure 3 shows a more 
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FIG. 2. Seismic sources af te r  Algermissen and Perkins  (1976). 

restrictive interpretation (compare, for instance, the sizes of the sources around 
Charleston, South Carolina, in the two figures). Other differences between Figures 
2 and 3 are evident: Figure 2 shows a source corresponding to the so-called "Boston- 
Ottawa trend," whereas Figure 3 assumes no continuity between the seismicity near 
Boston and that of the St. Lawrence valley. Figure 3 shows a continuous zone of 
seismicity along the Appalachian mountains, whereas no such continuous trend is 
depicted by the sources of Figure 2. Thus, whether or not one agrees that any of the 
sources of Figures 1, 2, and 3 represent the "real" seismic sources, these hypotheses 
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EFFECTS OF UNCERTAINTY IN SEISMICITY ON SEISMIC HAZARD ESTIMATES 831 

FIG. 3. Seismic sources af te r  seismotectonic  map  of Hadley  and Devine  (1974). 

certainly represent a wide range of interpretation of available data for the Eastern 
United States. The influence of these different interpretations will be illustrated later 
in this paper. 

ACTIVITY RATE 

The occurrence rate of events in each seismic source with epicentral MM intensity 
greater than or equal to V was treated as a random variable. Its distribution was ob- 
tained through the likelihood function (Raiffa and Schlaifer, 1961; Benjamin and 
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832 R O B I N  K.  M C G U I R E  

Cornell, 1970). If  the seismic history indicates n observations of intensity ix, i2, • • • i ,  
in time r in the seismic source area of interest, and the sizes of these events are as- 
sumed to be independent of their number, the joint likelihood function of the activity 
rate v, the maximum possible intensity I ~ ,  and the parameter ~ of the intensity 
distribution (to be discussed below) is 

L ( v ,  I ,~ ,  ~ i i l ,  i2,  . . .  i~ in r) = P [ i l ,  i2,  ' ' '  in in r I v, I ~ ,  ~]. (1) 

Because the number of events in time r depends only on v and not on Im or ~, Equa- 
tion (1) can be written 

L(v, Ira, ~ l i l ,  i2 , . . .  in in r) =- p[n in r [ v]P[ix , i2,  . . "  i~ l I~ ,  N.  (2)  

From the separable form of equation (2), it is apparent tha t  given the n observations 
in time r, ~ is independent of Im and ~. Thus the likelihood function for v, and its 
probability density function, may be considered separately from those of Im and ~. 

I t  is assumed tha t  earthquakes occur as Poisson arrivals; this process has been 
found to describe adequately the occurrence of large events when aftershocks are 
disregarded (Lomnitz, 1966, 1973; Gardner and Knopoff, 1974). With this assumption, 
the likelihood function for v is equal to the Poisson distribution 

L ( ~ l n  in r) = P[n  in r ] v ]  

_ 

n! 
( 3 )  

A density function for v can be obtained from the likelihood function by normalizing 
so tha t  the integral over ~ from 0 to ~ is unity. This gives 

T = v > O  (4) 

In the context of Bayesian probability this is the posterior distribution of v given the 
likelihood function and a uniform or noninformative prior distribution. 

With this result, the effect on calculated risks of treating the activity rate v as a 
random variable, rather than simply choosing a fixed value, can be demonstrated as 
follows. Let Gx(i,) be the complementary-cumulative probability for intensity i, 
(i.e., the risk tha t  i, will be equaled or exceeded) at  a site from a single event of ran- 
dom intensity and location in a seismic source. Under the Poisson process assump- 
tion, if v is fixed (or is known exactly), the complementary-cumulative distribution 
of the m a x i m u m  site intensity in time t is (Benjamin and Cornell, 1970) 

Gm~x(i,) = 1 - exp ( - vtGx( i , ) ) .  ( 5 )  

Uncertainty in the rate v can be accounted for by multiplying the right side of equa- 
tion (5) by the density function on v and integrating over all values, yielding 

Z ].+i 
Gm~x(i,) = 1 -- r + t Gl ( i , )J  (6) 
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EFFECTS OF UNCERTAINTY IN SEISMICITY ON SEISMIC HAZARD ESTIMATES 833 

(Benjamin, 1968). For the values of n, r, t, and G1 of interest in this study it can be 
shown that the ratio of risk given by equation (6) to that given by (5) is approxi- 
mately 1 + 1 /n .  The term 1 / n  thus indicates the increase in risk due to uncertainty 
in the rate of occurrence of events. For n as small as 5, there is only a 20 per cent in- 
crease in the calculated risk using equation (6) rather than (5). As shall be shown, 
an increase of 20 per cent in risk results in a very small change in the design intensity 
associated with that risk. From this point of view there certainly have been enough 
earthquakes recorded in the Eastern United States to define rates of occttrrence in 
seismic sources, for the purpose of calculating design intensities through risk analysis. 

For the practical case when the catalog is considered complete for varying lengths 
of time for different intensity levels, a similar analysis is straightforward. Equation 
(6) may be used to account for statistical variability in ~, replacing n by nl -~- n2 
-~- n3 + - . .  and r by rl + p272 + p3r~ + - . .  , where n~ is the number of events in 
time r~ during which the lowest intensity level is considered complete, n2 is the num- 
ber of events during the previous  time r2 during which the next higher intensity is 
considered complete, and p2 is the probability of observing an event of the second 
intensity level or greater given that an event occurs, and so on. The effect of account- 
ing for statistical variation in ~ thus is not sensitive to the length of time during 
which the upper intensity levels are assumed complete. 

RELATIVE FREQUENCY OF EVENTS OF DIFFERENT SIZES 

The logarithm of the number of events occurring in a region at each intensity level 
is assumed to be linearly proportional to epicentral intensity, i.e. 

log N ( I ~ )  = a - bI~ (7) 

where N is the number of events of epicentral intensity Ie in a given time period, and 
a and b are parameters applicable to the region of study. This assumption is con- 
sistent with a linear log-number versus magnitude relation (Richter, 1958) and a 
linear relationship between magnitude and epicentral intensity. Equation (7) has 
been found to be useful by several investigators in describing seismicity in the Eastern 
United States (e.g. Algermissen, 1969; Chinnery and Rogers, 1973; Cornell and Merz, 
1975). From Equation (7) it follows that the distribution of event sizes is exponential 

fxo( i)  = fiexp ( - - f l ( i  --  io)) io <- i <- I ~  (8) 
( 1  - -  exp(--fl(I~ -- io)) 

where I~ is an upper bound at which the distribution is truncated, io is a chosen lower 
bound intensity for which the activity rate is estimated, and t~ equals b In 10. 

To determine the observed frequency of events with different epicentral intensities, 
it is enlightening to plot the number of events per decade for each intensity level. 
Such a plot is shown in Figure 4 for the entire catalog. (The sequence of events in 
1811-1812 near New Madrid, Missouri, has been considered one event of intensity 
XII. The exact treatment of this sequence is not critical to the results which follow.) 

It  is evident from Figure 4 that the record of events for the higher intensities is 
complete for a longer period of time than that for the lower intensities. This is rea- 
sonable because earthquakes with higher intensities are felt over large areas and are 
more likely to be reported in early news accounts than small shocks. To determine an 
average number of events per year, it is necessary to estimate the length of time that 
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834 ROBIN K. MCGUIRE 
the catalog is complete at each intensity level. Such estimates are subjective; two 
sets of estimates for the catalog of Figure 4 are shown in Figure 5. 

Once the frequency of events at each intensity level has been chosen, the value of 
parameter b in equation (7) can be calculated by one of several methods. Figure 5 
shows the estimates of event frequency corresponding to two values of b. The lower 
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FIG. 4. Number of events per decade in Eastern United States, for different 

epicentral MM intensities. 

line (b equal 0.57) was obtained by applying a least-squares procedure to the open 
circles shown on the figure, neglecting the intensity XII  observation. A least-squares 
procedure is not logical because it weights all points used in the analysis equally, 
whereas the frequencies for the lower intensities are better determined (and therefore 
should carry more weight) because they are estimated using a larger number of shocks. 
However, the least-squares procedure has gained acceptance among some investi- 
gators because the lower intensities are sometimes not completely reported, and the 
least-squares method does not emphasize the possibly inaccurate rates observed for 
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these lower intensities. The upper line in Figure 5 (b equal 0.45) was obtained using a 
maximum likelihood criterion applied to the closed squares. Such a criterion weighs the 
frequencies observed at lower intensities very heavily and those at high intensities 
very lightly. 

The purpose of these comparisons is to show that, for a given earthquake catalog, it 
is possible to derive different b values depending on subjective interpretation of the 
length of completeness of the catalog and on the method of analysis used. The values 
of b shown in Figure 5 (0.57 and 0.45) represent what are thought to be reasonable 
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FIG. 5. Two estimates of event frequency for different MM intensities, 
and predictions based on two b values. 

extremes for the catalog of Figure 4. For computations in this study, a b value of 
0.50 was used; this corresponds to a minimum chi-squared solution for the closed 
squares of Figure 5, and also to a weighted least-squares solution with weights pro- 
portional to the number of events used to determine each frequency. The sensitivity 
of results to the value of b used will be demonstrated. 

Having selected a b value for the entire catalog, it is reasonable to question whether 
the b values determined for the seismic sources individually will correspond to that 
for the entire catalog. In general they will not; b values computed (by the method of 
maximum likelihood) for the sources of Figure 2 ranged from 0.35 to 0.58, whereas 
that for the entire catalog (as described above) was 0.45. The values obtained, shown 
in Figure 6, are plotted as a function of the number of events used in the determina- 
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836 R O B I N  K .  M C G U I R E  

tion. It is evident that the largest variation in b is observed for seismic sources which 
have a small number of events upon which the calculation can be based. One conclu- 
sion, then, which is not contradicted by the data, is that variations in b value from 
source to source are the result of statistical variations due to the small sample sizes, 
rather than to underlying differences in the earthquake process itself. For this reason 
it is reasonable to use a single b value for all seismic sources. 

Also shown for comparison in Figure 6 are the one-sigma bounds on b computed 
from the likelihood function, using the mean value of 0.45 as determined from the 
entire catalog. The data follow the shape of these curves well, but demonstrate less 
variation for a given sample size than that indicated by the likelihood function. In 
fact, if the likelihood function were modified by a reasonable non-uniform prior dis- 
tribution, the Bayesian posterior distribution would have one-sigma bounds which 
agreed closely with the observed data. 
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. 2 0  I I I I I I I 
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NUMBER OF EVENTS IN SEISMIC SOURCE 
FIG. 6. Maximum likelihood b values for seismic sources of Figure 2, as a 

function of number of events in the source. 

The exponential distribution on epicentral intensity is justified by the observation 
(made also by other investigators, e.g. Algermissen, 1969; Chinnery and Rogers, 
1973; Cornell and Merz, 1975) that  the number of events of each MM intensity 
level plots linearly on a semi-logarithmic scale. I t  is also consistent with the observed 
exponential distribution of earthquake magnitudes (Richter, 1958) and an assumed 
linear relationship between magnitude and the expected maximum intensity. How- 
ever, some objection has been raised in the past to the use of exponential distributions 
and b values to describe the occurrence of events with different maximum intensities, 
on the grounds that MM intensities were developed as a qualitative description of 
damage, rather than as a quantitative measure of earthquake size. The risk analysis 
could be done without the exponential distribution and without a b-value, simply by 
integrating numerically over all maximum intensities using the observed rate of 
occurrence of each intensity level. The objection to this procedure is that it is highly 
sensitive to the observed numbers of high-intensity earthquakes and to the assumed 
length of completeness of the record for these events. If no shocks with intensity 
greater than, say, VII had occurred in a region, this procedure might predict larger 
events with equal probability regardless of size. Observation indicates, however, that 
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events of maximum intensity VII I  are more common than those of intensity XII .  
On balance, the assumption of an exponential distribution on maximum intensities of 
events is considered far more useful and realistic than alternate procedures, given the 
present state of knowledge of seismicity in the Eastern United States. 

MAXIMUM POSSIBLE INTENSITY 

The final parameter necessary to define seismicity is the maximum possible in- 
tensity in each seismic source, that  is, the upper-bound intensity I~  in the exponential 
distribution, equation (8). This upper bound is often taken to be fixed, and, for 
each seismic source, is often set equal to the maximum intensity observed historically 
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FIG. 7. Distribution of maximum possible intensity for two seismic sources of Figure 2, 
each with maximum observed MM intensity of VIII. 

in that  source; in this study the upper bound is treated as a random variable. Its 
distribution is obtained through the likelihood function, which, for observations i l ,  
is, • .- in in time r, is equal to the denominator of the intensity function, equation 
(8), raised to the nth power 

L ( I m  ] i~,  i2,  . . .  in in r) = (1 - exp ( - ~ ( I m  - io)) )  -~  (9) 

where Im >= i l ,  i s ,  . . .  i , .  Corresponding results are easily derived for the practical 
case when the catalog is considered complete for different lengths of time at different 
intensity levels. From the likelihood function, the distribution of maximum possible 
intensity can be calculated by computing likelihood values for discrete MM inten- 
sities and normalizing the likelihood function so that  the sum of all possibilities, 
from the maximum observed intensity up to XII ,  is unity. Figure 7 illustrates this 
distribution for two seismic sources in Figure 2 for which the largest event in the 
catalog was MM intensity VIII.  In one source 46 events were observed during the 
complete record, in the other, only 10 events were observed. The influence of the 
number of shocks in the record is evident: for a larger number of events, all M M  in- 
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tensity VIII or less, it is more probable that VIII is, in fact, the true maximum pos- 
sible intensity. However, the probability associated with this hypothesis may be 
quite low, ahd in fact may be almost equal to the probabilities for higher intensities. 
In general, for the seismic sources examined in this study, the probability that the 
maximum possible intensity in a source was equal to the maximum intensity observed 
in historical time was 0.4 or less; for many sources this probability was about 0.25 
(the only notable exceptions were certain sources taken from the Hadley-Devine 
seismotectonie map whose boundaries were drawn specifically to exclude events of 
MM intensit~ greater than VI). Thus, although the maximum observed intensity is 
always most likely to be the maximum possible intensity (e.g., the probability for 
intensity VI i i  in Figure 7 is larger than that for any other single intensity), the 
probability that this is the case is generally low. 

Accordingly, a single value for the maximum possible intensity is not assigned to 
the seismic sources examined in this study. Rather, a uniform distribution for Im 
is used, with intensities between the maximum observed in each seismic source and 
XII  assigned equal probability. Thus, for instance, the intensities shown in Figure 7 
would be assigned probabilities of 0.2 each. This procedure has the advantage of being 
straightforward to apply; it also avoids the sensitivity of the calculated distributions 
(e.g., those in Figure 7) to the assumed length of completeness of the catalog at differ- 
ent intensity levels. Because it assigns larger probabilities to the higher intensities, 
this assumed distribution is in all cases conservative (that is, it results in higher 
risks than would be obtained using the calculated distributions). For the majority of 
seismic sources it is also a very accurate approximation, since the probabilities as- 
sociated with the hypotheses of higher maximum intensities, which contribute most 
to the calculated risk, are not changed greatly. 

The distributions on maximum possible intensity described here do not deny the 
possibility of eventually excluding events larger than those observed, for geologic or 
tectonic reasons. When accepted theories are available which explain the earthquake 
process in the Eastern United States, they can be used to modify the:distributions 
adopted here. The important point to be emphasized is that the maximum size of 
events in the Eastern United States cannot be limited on a statistical basis, using the 
available earthquake record. From a purely statistical standpoint, larger events than 
those yet observed in regions of the Eastern Unite d States are in fact quite likely. 

The comment is sometimes made that differences between MM intensities X, XI,  
and XII  are really differences of ground effects, rather than indicators of different 
amounts of energy release. This observation, while perhaps valid, is of little conse- 
quence if one admits that energy releases larger than those associated with MM 
intensity IX events are possible in the Eastern United States. If this is accepted, then 
the concept of MM intensities up to XII  is useful as a description of these larger 
energy releases, whether or not one agrees that a given historical shock of MM in- 
tensity X, XI, or XII  was one of these larger energy events. In case one does not 
believe that earthquakes can release more energy than generally associated with a 
MM intensity IX event in the Eastern United States, results are presented later in 
this study using IX as the largest event possible. 

ATTENUATION FUNCTION 
The attenuation function used in this study was derived from 783 intensity reports 

from the 1886 Charleston, South Carolina, earthquake (Bollinger, 1976). The result- 
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ing equation for mean site intensity Is is 

I,  = Ie + 3.08 - 1.34 In A 
I s = I e  

A => 10km 
a < 10kin (10) 

where A is epicentral distance in kilometers and I~ is epicentral intensity. In Figure 8, 
equation (10) is compared to several other attenuation relations reported for the 
Central and Eastern United States. For epicentral distances less than 500 kin, the 
slopes of the various equations are approximately the same; equation (10) lies 1 to 
1.5 intensity units below the other relations because these others were derived using 
distances to isoseismals rather than individual intensity reports. Use of the individual 
reports is the appropriate method to predict intensities at a site. From examination of 

HOWELL & SCHULTZ(1975) 

1 CORNELL & MERZ(1975) 
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s > 
10 20 50 I00 200 500 I000 2000 

EPICENTRAL DISTANCE (KM) 

Fin. 8. Attenuation of MM intensity with distance: Relation used in this study (derived from 
intensity reports) and three relations reported by others (derived from isoseismal maps). 

residuals about equation (10), it is found that scatter in the attenuation relation can 
be modeled using the normal distribution with a standard deviation of 1.19 intensity 
units. In the data there is no apparent upper truncation in the residual distribution, 
at least up to 3.5 standard deviations above the predicted value; in the risk analysis, 
however, the distribution of residuals is truncated in such a manner that siteintensities 
cannot be greater than the epicentral intensity. This implies the assumption (which is 
not critical) that the epicentral intensity is the maximum intensity observed. 

I-IA ZARD ANALYSIS 

A seismic hazard analysis was performed for a series of sites on the east coast; the 
sites chosen are shown in Figure 1. The method used is described elsewhere in detail 
(Cornell, 1968, 1971; McGuire, 1974); calculations were made with a standard com- 
puter program (McGuire, 1976). 

Briefly, the total annual probability that a chosen MM intensity is equaled or 
exceeded at each site was calculated by summing the probabilities of this occurrence 

Downloaded from http://pubs.geoscienceworld.org/ssa/bssa/article-pdf/67/3/827/5320932/BSSA0670030827.pdf
by USGS Library user
on 05 April 2023



840  ROBIN K. MCGUIRE 

due to all events affecting the site. The exponential distribution, equation (8),  was 
used to describe the relative frequency of different size events, and the at tenuat ion 
equation (10) was used to quantify the decrease with distance of expected intensity 
level from source to site. A separate analysis was performed for each of the seismic 
source hypotheses shown in Figures 1, 2, and 3. Under each hypothesis, the seismicity 
was assigned to each source according to the events in the catalog within that  source. 
For the sources shown in Figures 2 and 3, the events which did not  lie in any source 
were treated as "background seismicity"; the observed maximum intensity and rate 
per unit area were obtained from these background events and were used to define 
the seismicity not  associated with discrete sources. 

For each source and for background seismicity, the activity rate and maximum 
possible intensity were treated probabilistically, as previously described. Thus the 

10-3 

10 .4 

10-5 

Jacksonville Risk Using 
Hadley-Devine Sources \ \ ~  

(Fig.3) .... ~ ,  
Risk At All Sites 

Using Single Source Area 
(Fig. 1 ) 

Jacksonville Risk Using 
Algermissen-Perkins Sources 

(Fig. 2) 

~ H  Boston Risk Using 
adley-Devine Sources 

Boston Risk Using 
\ Algermissen-Perkins Sources 
~ (Rg.(fig. 2) 
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FIG. 9. Annual risk versus MM intensity for several sites and seismic source hypotheses. 

occurrence of an event with MM intensity X I I  was considered possible at all locations, 
for all seismic source hypotheses. (For  the sources of Figures 2 and 3, the probability 
of occurrence of this event varied greatly from one location to another, due to differ- 
ences in the occurrence rate and maximum observed intensity.) For all sources, a 
b value of 0.5 was used. 

RESULTS 

Figure 9 shows the annual risks (probabilities of equaling or exceeding a chosen 
M M  intensity) for several sites and the various seismic source hypotheses. The 
risk-versus-intensity curve for the single seismic source of Figure 1 is the same for 
all sites; this results from the uniform seismicity assumed throughout  the region. 

The curves in Figure 9 have approximately the same slope. This results from the 
fact tha t  the same b value has been used for all seismic sources. Slight differences in 
slopes in Figure 9 are due to different maximum observed intensities for the different 
seismic source hypotheses. 

Defining a "design intensi ty" as the MM intensity corresponding to a chosen an- 
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nual risk level, the slope of the curves in Figure 9 provides some insight into the sensi- 
tivity of design intensities to the associated levels of risk. Changing the risk by a 
factor of 2 will change the corresponding design intensity by only about 0.4 intensity 
units. Thus, the effect of statistical variation in the occurrence rate for, say, seis- 
micity defined by only five observations is to increase the risk by 20 per cent over 
that computed for a rate without accounting for statistical variation; the correspond- 
ing increase in the design intensity (at whatever risk level is chosen) is about 0.1 in- 
tensity units. For the source areas examined in this study, each area encompassed 
more than five earthquakes in the catalog. Thus statistical uncertainty in the recur- 
rence rate has a very minor effeet on the design intensity level. Similarly any other 
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LONG. W, 
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. r -  
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FIG. 10. MM intensity with 10 -4 annual risk at the sites examined, under the 
three seismic source hypotheses. 

variation of hypothesis which changes the calculated risk at a site by 20 per cent 
will change the corresponding design intensity by 0.1 units. 

Figure 10 shows the MM intensities associated with a risk of 10 -4 per year for the 
sites shown in Figure 1 and for the three seismic source hypotheses of Figures 1, 2, 
and 3. The most striking observation about this comparison is the closeness of inten- 
sities at most sites for the different hypotheses used. The range in intensities under 
the three hypotheses is less than 0.35 intensity units for the majority of sites, and in 
no case is it greater than 0.8 units. I t  is evident from Figure 9 that the range of in- 
tensities at a site for different seismic source hypotheses will not change for risk levels 
of 10 -3 or 10 -5 per year; the curves of Figure 10 simply shift up or down for smaller 
or larger risks, respectively. 

I t  is useful to compare the results obtained from this hazard analysis with intensities 
derived using a deterministic procedure. Such a comparison is shown in Figure 11. 
The solid lines are the intensities with 10 -~ annual risk for the two sets of discrete 
seismic sources, and are the same curves shown in Figure 10. The dashed lines are the 
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intensities derived from a deterministic procedure using the same sets of seismic 
sources. The procedure followed is tha t  currently used to derive the safe shutdown 
earthquake for nuclear power plant design (Nuclear Regulatory Commission, 1973). 
This is, to calculate the maximum intensity for a site, use the largest intensity ob- 
served historically in the source in which the site lies, or use the largest intensity in 
nearby sources and at tenuate the motion to the site using the shortest source-to-site 
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FIG. 11. Comparison of MM intensities from risk analysis with those from deterministic 
analysis, for the two seismic source hypotheses of Figures 2 and 3. 

distance. (The  at tenuation used for this analysis was the Cornell and Merz curve of 
F igure  8.) 

Several conclusions are immediately apparent  from Figure 11. First, the risk as- 
sociated with intensities from the deterministic procedure vary  widely from site 
to sitej from less than 10 -4 per year to greater than 10 -3 per year. Second, the intensi- 
ties calculated deterministically are highly sensitive to the manner  in which the 
seismic sources are drawn; differences of up to two MM intensity units are obtained 
for the two sets of sources considered. There is no such sensitivity in the results from 
the probabilistic procedure. 
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Figure 12 indicates MM intensities with 10 .4 annual risk for various hypotheses 
on the maximum possible intensity. The results shown are for the Algermissen-Perkins 
seismic sources (Figure 2); results for the Hadley-Devine sources (Figure 3) are 
similar. Results for the hypothesis used previously in Figures 10 and 11, that is, that 
the maximum possible intensity in each isource is a random variable with uniform 
distribution up to intensity XII,  are repeated in Figure 12 as solid circles. If one as- 
sumes with certainty that intensity XII  events will occur eventually in all seismic 
sources, the MM intensities with 10 -4 annual risk which result are shown as squares, 
I t  is thought that this hypothesis is unduly conservative in that intensity XII  events 
are not expected to occur eventually in all seismic sources. Thus the random maxi- 
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FIG. 12. MM intensities with 10 -4 annua! risk for various hypotheses on maximum possible 
in tens i ty  in each seismic source, using seismic sources of Figure 2. 

mum intensity curve is more realistic, because it accounts for present uncertainty in 
determining which sources are capable of producing large events and which are not. 

As discussed previously, one can assert that events with observed maximum MM 
intensity greater than IX are simply the results of geologic conditions near the epi- 
center rather than large amounts of energy release. To adopt this assertion for the 
hazard analysis, observed events of intensity X and above are down-graded to in- 
tensity IX, and the maximum possible intensity in each source is assumed random 
and uniformly distributed between the maximum observed intensity and IX. The 
results from this hypotheses are shown in Figure 12 as triangles. The conclusion is 
that, although the maximum credible intensity has been reduced three units (from 
XII  to IX),  the intensities with 10 -4 annual risk are reduced by -~ of a unit. (The 
reduction in ground acceleration associated with this change would be significant, 
however.) 
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The last set of points in Figure 12, the open circles, are intensities with 10 -4 annual 
risk which result from the assumption that the maximum possible intensity in each 
seismic source is the largest intensity which has been observed in historical time. As 
discussed previously at length, such an assumption is not supported by statistical 
analysis of the available earthquake catalog for the Eastern United States. 

The sensitivity of results to the value of b used in the hazard analysis is shown in 
Figure 13. The intensities at all sites vary within a range of about one unit, depending 
on the value of b used (as mentioned above, the b values of 0.45 and 0.57 represent 
reasonable limits on interpretation of the earthquake catalog). In determining MM 
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FIG. 13. MM intensities with 10 -4 annual risk for various b values, using random maximum 
intensity up to XII and seismic sources of Figure 2. 

intensities for design, the subjectivity in determining b could be avoided simply by 
specifying a single value (such as 0.5) to be used in all analyses. 

Discussion 

The first observation from these results is that MM intensities for a chosen risk 
level are generally insensitive to the manner in which the region of study is divided 
into seismic sources. The reason for this insensitivity is that the various source hy- 
potheses do not result in large changes in seismicity, as this seismicity affects the 
calculated hazard. The insensitivity of intensity levels to changes in risk is important; 
changing rates of occurrence by a factor of 2 (by using an alternate set of sources) will 
change risks at any intensity by a factor of 2, but will change design intensities (at a 
given risk level) by only 0.4 intensity units. (Note, however, that ground accelera- 
tion is often observed to vary in a logarithmic manner with MM intensity. Thus a 
change of one MM intensity unit may imply a doubling of ground acceleration.) 
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A compensating factor in the comparison between seismic source hypotheses is that 
the effect of high occurrence rates (per unit area) in the discrete seismic sources of 
Figures 2 and 3 (as compared to that of the single source in Figure 1) is partially 
offset by accounting for the possibility of maximum possible MM intensities less than 
XII  in these discrete sources. 

This insensitivity of design intensity to the sources used to define seismicity is not 
a conclusion of universal applicability for all sites in the Eastern United States. De- 
sign intensities will usually vary most at a site in a region which is considered highly 
seismic under one hypothesis and aseismic under another. In such cases, it is always 
possible to assign subjective probabilities to each hypothesis (e.g., Cornell and Merz, 
1975) and to weigh the conditional risks to obtain the total risk at various intensity 
levels. This procedure will always give a design intensity which lies within the range 
of the intensities indicated by the individual hypotheses. Note also that the single 
seismic source of Figure 1 was drawn specifically with risk analysis of the east coast in 
mind. For analysis at other locations, different geometries for the single seismic source 
would likely be more appropriate. Thus the intensities and risks indicated by Figures 
8 and 9 for the single seismic source are not necessarily applicable to sites other than 
those considered here. 

An advantage of the probabilistic treatment of upper bound intensity is that the 
intensity associated with a chosen risk level at a site is insensitive to the maximum 
intensities observed in the hypothesized sources. For the sites examined here, and 
for the sources of Figures 2 and 3, altering the maximum observed intensity in each 
source by one intensity unit would change the intensity associated with an annual 
risk of 10 -4 by approximately 0.1 intensity unit. Thus, arguments about the precise 
intensity of some historical earthquake which was the largest observed event in a 
source would have minor importance, since the design intensity would not be sensitive 
to this largest value. In contrast, under the deterministic procedure of designing for 
the largest observed intensity, changing this intensity by one unit will change the 
design intensity by one unit. 

Figure 12 shows that the calculated intensities are sensitive to the assumed largest 
event which can occur. Reducing this largest event from intensity XII  to IX reduces 
design intensities by ¼ of one unit, and would reduce corresponding ground accelera- 
tions by about.40 per cent. Thus, determination of the largest event possible in the 
Eastern United States, and the MM intensity associated with it, would be of great 
value. Similarly, limiting the maximum possible intensity in a seismic source on the 
basis of geologic or tectonic evidence would have important consequences for sites 
whose seismic hazard is governed by that source. This emphasizes the importance of 
continued research in understanding the earthquake process in the Eastern United 
States. 

I t  should be emphasized that the attenuation function, equation (10), was ob- 
tained using all available intensity data from the Charleston earthquake (this is the 
only major event in the Eastern United States for which a large data base is avail- 
able). Hence the results presented represent intensities for average soil conditions 
of the sites from which intensity reports from 1886 were available. There is presently 
no generally accepted method of modifying intensities on average site conditions to 
predict those on firm or loose materials. It  is expected that any such modification 
would affect the intensities of Figure 11 in a similar manner, so that conclusions 
from the comparison between probabilistic and deterministic results would not change. 

The MM intensity with 10 -4 annual risk at a site is often called the intensity with a 
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10,000-year return period. (In fact this illustrates the definition of return period.) 
These intensities (from Figure 11, for instance) are not rare events for the entire 
Eastern United States. In fact, intensity IX or larger events occur on the average 
about once every 30 years in the Eastern United States; this can be seen in Figure 5. 
Thus the probabilistic analysis described here, which indicates annual risks of 10 -4 
for intensities VIII or IX (depending on the site) on the east coast does not involve 
extrapolation beyond the available seismic data. What is indicated, roughly speaking, 
is that a common event which occurs on the average once every 30 years in a large 
region, has a small annual probability of occurring at a specific location in that region. 

CONCLUSIONS 

It is evident from this study that, using a probabilistic analysis which accounts for 
uncertainty in activity rates and maximum possible intensities of seismic sources, 
the MM intensity associated with a chosen level of risk at many sites on the east 
coast of the United States is not sensitive to the sources used to represent seismicity. 
This allows many alternate methods to be used to combine geology, tectonics, and 
seismic history to draw seismic sources, without greatly affecting design intensities 
at many sites. For other sites in the Eastern United States, the geometry of sources 
may be critical; this needs further investigation. 

As few as five or ten earthquake observations are adequate to define the occurrence 
rate in an area, for the purpose of deriving risk-associated design intensities. The 
seismic history of the Eastern United States is not, however, adequate to define ac- 
curately the maximum possible intensity in chosen source areas. In the absence of 
geologic or tectonic evidence which would limit the size of events in the area, it is 
logical and conservative to assume a uniform distribution on the maximum possible 
MM intensity, between the maximum observed value and XII. The b value describing 
the relative frequency of small and large events cannot be determined unequivocally, 
because of different possible interpretations of seismic history and different methods 
of numerical analysis. I t  is evident, however, that variations in b from area to area 
in the Eastern United States can be attributed to statistical variations resulting from 
small numbers of events available to make the determinations. Thus it is reasonable, 
for the purpose of calculating design intensities, to adopt a single value of b for the 
Eastern United States. 

In comparing the results of probabilistie analyses with those of the deterministic 
method of calculating intensities presently used for seismic design of nuclear power 
plants in the United States, several conclusions are apparent. First, the risks associ- 
ated with the deterministic intensities vary by more than a factor of ten, for the sites 
considered on the east coast. Also, these intensities are very sensitive to the geometry 
of sources used to describe seismicity, and to the maximum intensity which has been 
observed in historical times in each source. The deterministic procedure is not sensi- 
tive to rates of activity in seismic sources, nor to the b value, because these parameters 
are not considered in the analysis. 

This study places in perspective many of the objections to using probabilistic analy- 
sis to determine seismic design levels. In general there is sufficient information, in 
terms of seismic history and geology, to produce seismic design values at very small 
levels of risk, given the present understanding of the physical processes governing 
earthquake occurrences in the Eastern United States. Furthermore the results ob- 
tained here provide a means of evaluating the conservatism and consistency (in 
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t e rms  of r isk)  of de t e rmin i s t i c  ana lyses  which  assume t h a t  t he  m a x i m u m  ep icen t ra l  

i n t ens i t y  poss ible  in an  a rea  is the  m a x i m u m  in t ens i ty  which  has  been  obse rved  in 

r ecorded  h i s to ry .  
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