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ABSTRACT 
 
Seismologists often say that “this hazard or risk assessment represents the best available science” or “this is the 
number that engineers want.” On the other hand, engineers often say that “we just need a number and we can design 
it” or “seismologists tell us that this is the best estimate.” What seismologists provide may differ from what 
engineers really need for seismic design, however. Furthermore, the seismic hazard and risk provided may not 
represent the best available science. For example, although ground motions with 10, 5, and 2 percent probability of 
exceedance (PE) in 50 years have been said to represent the best available science, they are hard to explain and 
understand. The methodology used to derive those ground motions has been found to be inconsistent with modern 
earthquake science. In other words, the ground motions with 10, 5, and 2 percent PE in 50 years do not represent the 
best available science and are neither seismic hazard nor risk. Clearly, there is a gap between engineers and 
seismologists in defining and understanding seismic hazard and risk. This gap has hindered development of more 
cost-effective policy and engineering design in the United States, as well as in other countries. The consequence is 
obvious.  
 
 
1. INTRODUCTION 
 
Selection of a ground motion for engineering design and other considerations requires a clear understanding of 
seismic hazard and risk among stakeholders, seismologists and engineers in particular. Although seismic hazard and 
risk have often been used interchangeably, they are fundamentally different concepts (Wang, 2006, 2007). Seismic 
hazard describes natural phenomena caused by an earthquake that have the potential to cause harm, such as surface 
rupture, ground motion, ground-motion amplification, liquefaction, or induced landslide. Seismic hazard can be 
evaluated from instrumental, historical, and geological observations and is quantified by two parameters: a level of 
hazard and its recurrence interval or frequency: for example, an M7.5 earthquake with a recurrence interval of 500 
years, and peak ground acceleration (PGA) of 0.3g with a return period of 1,000 years. Seismic risk, on the other 
hand, describes a probability of occurrence of a specific level of seismic hazard or loss over a certain time (e.g., 50 
years), and is quantified by three parameters: probability, a level of hazard or loss, and exposure time. For example, 
a 5 percent probability that an M7.0 or greater earthquake could be expected in 50 years in an area and a 10 percent 
probability that 0.3g PGA could be exceeded in 50 years at a site are both seismic risk. The conceptual difference 
between seismic hazard and risk can be illustrated by a comparison of seismic hazard and risk in San Francisco and 
Memphis (Fig. 1).  
 
Figure 1 shows that San Francisco and Memphis experienced a similar intensity (MMI VIII or greater) during the 
1906 San Francisco earthquake and the 1811-1812 New Madrid earthquakes. The recurrence intervals of the M7.8 
earthquakes are about 100 years in San Francisco and 500 to 1,000 years in Memphis. Let us consider two identical 
buildings (exposures) with a normal life of 50 years, one in San Francisco and one in Memphis. If we only consider 
seismic hazard, a similar intensity (MMI VIII or greater) may be used for seismic design for both buildings. If we 
consider seismic risk, however, higher design intensity should be used in San Francisco than in Memphis because 



seismic risk is much higher in San Francisco: about 39 percent chance of exceeding MMI VIII in 50 years versus 
about 5 to 10 percent chance. This example shows that a seismic design or mitigation policy based on seismic 
hazard assessment may differ from that based on seismic risk assessment. Moreover, a policy decision is based 
more on seismic risk, rather than seismic hazard. Therefore, it is necessary to clearly define seismic hazard and risk 
and how to assess them.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. A conceptual comparison of seismic hazard and risk in Memphis and San Francisco. 
 
 
2. SEISMIC RISK  
 
Definition of seismic risk is more broad and subjective than definition of seismic hazard. Although seismic risk can 
generally be defined as the probability of occurrence of the adverse consequences to society (Reiter, 1990; 
McGuire, 2004), it has different meanings for different stakeholders (Smith, 2005). For example, engineers are 
interested in the probability that a specific level of ground motion at a site of interest could be exceeded in a given 
period, a definition that is analogous to flood and wind risk (Sacks, 1978; Gupta, 1989), whereas insurance 
companies are more interested in the probability that a specific level of losses in a region or at a specific site could 
be exceeded in a given period. In general, seismic risk is quantified by three parameters: probability, level of hazard 
or consequence to society, and exposure (time and vulnerability) (Wang, 2006, 2007). In order to estimate seismic 
risk, we have to assume a model (distribution) for the probability of earthquake occurrence in time. One commonly 
used distribution is the Poisson model (Cornell, 1968; Milne and Davenport, 1969; Stein and others, 2006). Under 
the assumption of a Poisson distribution, seismic risk, expressed in terms of a probability of earthquakes exceeding 
a specified magnitude (M) in a given exposure time (t), can be estimated by  
  

ττ /1),,1( tetnp −−=≥ ,                                                      (2.1) 
 
where τ is the average recurrence interval of an earthquake with magnitude of M or greater or ground motion of a 
certain level or greater. Eqn. 2.1 were used to calculated seismic risks in San Francisco and Memphis, about 39 and 
5 to 10 percent chance of exceeding MMI VIII in 50 years in the previous section. Eqn. 2.1 describes a quantitative 
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relationship between seismic hazard and risk under the assumption of a Poisson distribution for earthquake 
occurrence in time. In other words, seismic risk is an interaction between a seismic hazard (i.e., an earthquake of 
M7.8 or greater or MMI VIII or greater with a recurrence interval of 100 years) and an exposure (i.e., a building 
with a life of 50 years). In general, seismic risk can be expressed as 
 

ExposurexHazardSeismicRiskSeismic = .                                                (2.2) 
 
Thus, high seismic hazard does not necessary mean high seismic risk if exposure is lower, and vice versa.  
 
As shown in Eqn. 2.1, in order to estimate seismic risk, we need to know seismic hazard in terms of a level of 
hazard (i.e., earthquake magnitude, ground motion or MMI at a site, and damage or loss) and its exceedance 
frequency (1/τ) or recurrence interval (τ). This is the main purpose of a seismic hazard analysis, PSHA in particular. 
 
 
3. PROBABILISTIC SEISMIC HAZARD ANALYSIS 
 
PSHA was developed in the 1970’s for estimating seismic risk, with the aim of accounting for uncertainties in 
earthquake source, wave propagation path, and site conditions (Cornell, 1968, 1971). A FORTRAN algorithm of 
Cornell’s method (Cornell, 1968, 1971) was developed by McGuire in 1976 and has become the standard PSHA 
used since then. Thus, modern PSHA is often referred to as the Cornell-McGuire method (Bommer and 
Abrahamson, 2006). The goal of PSHA is to derive a seismic hazard curve; i.e., a relationship between a ground 
motion parameter and its frequency of exceedance, utilizing some statistical relationships in seismology and their 
probability distributions (Cornell, 1968, 1971).  
 
The most important statistical relationship used in PSHA is the ground-motion attenuation relationship. In modern 
seismology, ground motion Y is modeled as a function of magnitude M and source-to-site distance R with 
uncertainty E:  

ERMfY += ),()ln( .                                                                   (3.1) 

The uncertainty E is also modeled as a normal distribution with a zero mean and standard deviation σln,Y (Campbell, 
1981, 2003; Joyner and Boore, 1981; Boore and others, 1997; Atkinson and Boore, 2006). Thus, the uncertainty of 
ground motion Y is a log-normal distribution (Fig. 2). Therefore, Eqn. 3.1 can be rewritten as  

YnRMfY ln,),()ln( σ+= ,                                                                (3.2) 

where n (a constant) is a number of standard deviations (σln,Y) measured as the difference relative to the median 
ground motion f(M,R) (Fig. 2). R is either measured as the closest distance to the surface projection of the rupture 
surface (RJB) or the closest distance to the rupture surface (RRUB). The ground-motion attenuation relationship 
describes a spatial relationship between a ground-motion parameter and earthquake magnitude and source-to-site 
distance. 
  
The key step in PSHA is to estimate the exceedance probability for a given ground motion (y), P[Y≥y], from a 
ground-motion attenuation relationship, Eqn. 3.1 or 3.2. As shown by Benjamin and Cornell (1970), estimating the 
exceedance probability for a functional distribution with multiple variables, such as the ground-motion attenuation 
relationship (i.e., Eqn. 3.1), is very difficult, even impossible. According to Benjamin and Cornell (1970), the joint 
probability density function for M, R, and E is  

)()()(),,(,, εε ERMERM frfmfrmf = ,                                                  (3.3) 
if and only if  M, R, and E are independent random variables. Here fM (m), fR (r), and fE(ε) are the probability density 
functions (PDF) for M, R, and E, respectively. Then, the exceedance probability P[Y≥y] can be evaluated from  
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where H[lnY(m,r,ε)-lny] is the Heaviside step function, which is zero if lnY(m,r,ε) is less than lny, and 1 otherwise 
(McGuire, 1995). Because E is assumed to follow a normal distribution, PDF for E is 
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where ),()ln( rmfymr = . PDF for M is determined by the earthquake occurrence frequency relationship, such as 
the Gutenberg-Richter relationship. The truncated Gutenberg-Richter relationship is 
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where λ is the cumulative number of earthquakes with magnitude equal to or greater than M occurring yearly, α  
and β are constants, and m0 and mmax are the lower and upper bounds of earthquake magnitude, respectively. PDF 
for M is  
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Determination of PDF for R is very complicated, not only depending on the geometric configuration of the fault and 
site, but also on the source model (i.e., single point versus finite fault). If the fault and site geometric configuration 
is as in Figure 3, according to Cornell (1968), fR (r) for a point source is equal to  
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In Figure 3, R is epicentral distance. Thus, P[Y≥y] can be evaluated if the fault and site geometric configuration, 
source model, and earthquake occurrence frequency relationship are known. This leads to the basic formulation of 
PSHA for a point-source model (Cornell, 1968, 1971; McGuire, 1976, 2004), or the so-called Cornell-McGuire 
method (Bommer and Abrahamson, 2006): 
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where γ is the annual probability of exceedance for a ground motion Y≥y, and ν is the activity rate and equal to  

0mev βα −= .                                                            (3.10) 

The inverse of the annual probability of exceedance (1/γ), called the return period (tr), is equal to  
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If only a single characteristic earthquake with a recurrence interval of T0 is considered, Eqn. 3.11 becomes 
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The denominator in Eqn. 3.12 is the exceedance probability of ground motion at given r and m (the shaded area in 
Figure 2). Figure 4 shows a PGA hazard curve (solid line) for a site 40 km from a characteristic earthquake of M7.5 



with a recurrence interval of 250 years. As shown in Figure 4, a range of return period, from 250 to 100 million 
years or longer, could be “created” by using the ground-motion uncertainty in PSHA (Eqn. 3.12). The ground 
motion uncertainty is a spatial relationship (Anderson and Brune, 1999). In other words, PSHA uses the spatial 
distribution to extrapolate temporal distribution (return periods), or the so-called ergodic assumption, “treating 
spatial uncertainty of ground motions as an uncertainty over time at a single point” (Anderson and Brune, 1999). 
The ergodic assumption is resulted from the invalid mathematical formulation of PSHA (Wang and Zhou, 2007).     
 
As shown above, the Cornell-McGuire method was developed for a point-source model of earthquake with the pre-
condition of independency of the ground-motion uncertainty (E). A point-source model was common in the 1970’s, 
but is no longer considered valid today. An earthquake is considered a finite fault in modern seismology, 
particularly in the ground-motion attenuation relationships (Campbell, 1981, 2003; Joyner and Boore, 1981; Boore 
and others, 1997; Atkinson and Boore, 2006). Therefore, the Cornell-McGuire method is not based on a valid 
earthquake physical source model. Furthermore, Wang and Woolery (2008) have shown that there is a dependency 
of the ground-motion uncertainty on R for the finite fault source. In other words, the mathematical formulation of 
PSHA is not valid (Wang and Zhou, 2007).  Thus, the results from PSHA do not have clear physical meaning and 
the seismic hazard and risk derived from PSHA are numerical “creations” (Wang and others, 2003, 2005; Wang, 
2005, 2006, 2007; Wang and Ormsbee, 2005).  
 
Here are few examples to illustrate the problems of PSHA. Although the annual probability of exceedance or return 
period defined in PSHA is not a temporal measure (Wang and others, 2003, 2005; Wang, 2005, 2006, 2007; Wang 
and Ormsbee, 2005), the annual probability of exceedance has been interpreted and used as “the frequency (the 
number of events per unit of time)” or the return period as “the mean (average) time between occurrences of a 
seismic hazard, for example, a certain ground motion at a site, or a certain level of damage or loss” (McGuire, 
2004). The return period has been equated to the average recurrence interval (τ) in Eqn. 2.1 to estimate seismic risk, 
and this is exactly how the ground motions with 10, 5, and 2 percent PE in 50 years are calculated (Frankel and 
others, 1996, 2002; Frankel, 2004; McGuire, 2004; Petersen and others, 2008). By definition, the ground motions 
with 10, 5, and 2 percent PE in 50 years are seismic risk, but they are called seismic hazard (Frankel and others, 
1996, 2002; Frankel, 2004; Petersen and others, 2008). Even PSHA practitioners could not understand what the real 
meaning of the ground motions with 10, 5, and 2 percent PE in 50 years is (Frankel, 2004, 2005). Thus, the 
selection of the ground motion with 2 percent PE in 50 years for seismic design consideration in the United States 
became “the number that engineers want” or “what seismologists tell us is the best estimate.”  
 
As shown in Figure 4, PSHA could derive ground motion with a return period of 1 million years or longer, even 
from a single characteristic earthquake that is assumed to occur every 250 years on average. This explains how the 
extremely high ground motion (5.0g PGA or larger) at Yucca Mountain, Nev., and physically impossible ground 
motion at nuclear power plants in Switzerland were derived from PSHA (Stepp and others, 2001; Klügel, 2005). 
The ground motion with a return period of 1 million years or longer is a numerical “creation” of PSHA from the 
ground-motion uncertainty because there are only a few hundred years of instrumental and historical records and 
10,000 years of geologic records (Holocene age) available (Wang, 2005, 2006, 2007). PSHA practitioners have 
even argued about the ways to “create” the ground motion with a long return period (McGuire and others, 2005; 
Abrahamson and Bommer, 2005; Musson, 2005).  
 
 
4. SEISMIC HAZARD ASSESSMENT 
 
An alternative approach, called seismic hazard assessment (SHA), was developed by Wang (2006, 2007) with the 
aim of deriving a hazard curve that can be used for seismic risk assessment. This approach directly utilizes the 
ground-motion attenuation and earthquake occurrence frequency relationships (i.e., Eqns. 3.1 and 3.6). From Eqn. 
3.1, M can be expressed as a function of R, lnY, and E as 
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Figure 2. Ground-motion attenuation relationship.  

                                          

  
Figure 3. Geometric configuration for a hypothetical line source and site.  

 

PGA hazard 

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

0.01 0.1 1 10
PGA (g)

A
nn

. p
ro

b.
 o

f e
xc

.

PSHA
SHA

 
Figure 4. PGA hazard curve at a site 40 km from a single characteristic earthquake of M7.5 with a recurrence 
interval of 250 years. A median PGA of 0.3g and standard deviation (log) of 0.6 were assumed. 
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),ln,( EYRgM = .                                                      (4.1) 
Combining Eqns. 3.6 and 4.1 results in  

),ln,( EYRge βατ +−= .                                                       (4.2) 
 
Eqn. 4.2 describes a relationship between the ground motion (lnY) with an uncertainty (E), the recurrence interval 
(τ), and distance (R); i.e., a hazard curve. If only a single characteristic earthquake is considered, Eqn. 4.2 becomes 
 

0T=τ .                                                                     (4.3) 
 
The PGA hazard for a site 40 km from a characteristic earthquake of M7.5 with a recurrence interval of 250 years 
calculated from SHA is shown in Figure 4. In comparison with PSHA, the PGA hazard derived from SHA is 
consistent with its input; i.e., a single earthquake that is assumed to occur every 250 years on average. SHA also 
gives a level of uncertainty explicitly.   
 
Figure 5 shows a PGA hazard curve at a site 30 km from the New Madrid Seismic Zone in the central United States. 
The PGA hazard curve was derived from the historical earthquakes with magnitudes between M4.0 and M5.0 in the 
New Madrid Seismic Zone (Bakun and Hopper, 2004) and the ground-motion attenuation relationship of Campbell 
(2003). A characteristic earthquake of M7.5 with a recurrence interval of 500 years was also used. As shown in 
Figure 5, the levels of uncertainty of PGA are derived explicitly. The hazard curves with 16 percent and 84 percent 
confidence levels are equivalent to the hazard curves with median plus/minus one standard deviation. The result 
from SHA (hazard curve) is similar to those derived by flood-frequency analysis (Gupta, 1989; Wang and Ormsbee, 
2005) and wind-frequency analysis (Sacks, 1978). From Figure 5, we can get a median PGA of 0.44g with annual 
exceedance rate of 0.002 or recurrence interval of 500 years. Using this recurrence interval, Eqn. 2.1 will give a 10 
percent PE in 50 years for the median PGA of 0.44g. This median PGA is directly generated from the characteristic 
earthquake of M7.5.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 5.  PGA hazard curves at a site 30 km from the New Madrid faults. Solid line─median PGA, short-dashed 
line─16 percent confidence, long dashed line─84 percent confidence. Diamond─median (mean) PGA, 
square─PGA with 16 percent confidence, and triangle─PGA with 84 percent confidence for the characteristic 
earthquake of M7.5. 
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This example also shows that SHA and DSHA derive the same results for a single characteristic earthquake. As 
shown by Reiter (1990), Kramer (1996), and Krinitzsky (2002), only ground motion(s) from a single or few 
earthquakes that have maximum impacts at a site is desired in deterministic seismic hazard analysis (DSHA). The 
earthquake(s) could be a characteristic event, a maximum credible earthquake, maximum considered earthquake, or 
scenario earthquake. As pointed out by Wang and others (2004), these earthquakes can always be associated with a 
recurrence interval. Therefore, DSHA is a special case of SHA.   
 
Figure 6 shows a PGA hazard curve for the historical earthquakes in San Francisco from 1769 to 2001 and the 
ground-motion attenuation relationship of Boore and others (1997). It also shows the PGA hazard curve in San 
Francisco (N37.775/W122.418) from the 2002 National Seismic Hazard Mapping project (Frankel an others, 2002). 
As shown in Figure 6, SHA provides a PGA hazard curve that is consistent with the input data: an interval of about 
230 years which means a recurrence interval of about 230 years for ground motion exceedance. In contrast to SHA, 
PSHA could derive PGA with return period of 100,000 years although the recurrence intervals of the large and 
characteristic earthquakes in San Francisco area are in the order of a few hundred years (Frankel and others, 2002). 
There is no knowledge of or information about an earthquake with a 100,000 years recurrence interval in the input 
data (Frankel and others, 2002). The ground motion with 100,000 years return period is a purely numerical 
“creation” of PSHA.      
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Figure 6. PGA hazard curve for San Francisco. 

 
 

5. DISCUSSION 
 
Dealing with uncertainty is a way of life because the world is full of it. Risk is an important concept for 
characterizing and managing uncertainty. Another important concept associated with risk is hazard. Although 
hazard and risk have often been used interchangeably, they are fundamentally different. In general, hazard describes 
a natural or man-made phenomenon that could cause harm to society, while risk describes a probability of such 
harm if someone or something is exposed to the hazard. In other words, risk describes an interaction relationship 
between a hazard and exposure. Hazard may or may not be mitigated, but risk can be reduced. Therefore, risk plays 
a more important role in decision-making.  
 



Similarly, seismic hazard describes a natural phenomenon associated with an earthquake (i.e., fault rupture, ground 
motion, and liquefaction) that could cause harm and is quantified by two parameters (a level of measurement and its 
occurrence frequency), whereas seismic risk describes a probability of harm if someone or something is exposed to 
a seismic hazard and is quantified by three parameters (a probability, level of measurement, and exposure time). 
Seismic hazard may or may not be mitigated. For example, fault rupture and ground motion cannot be mitigated 
because tectonic movement (the main cause of earthquakes) cannot be stopped, but liquefaction at a site can be 
mitigated by engineering measures. Seismic risk can be reduced through either mitigation of seismic hazard or 
reduction of exposure or both. 
 
The main goal of a seismic hazard analysis is to estimate the seismic hazard that can be used for seismic risk 
assessment. This is especially true for PSHA. PSHA was developed for seismic risk assessment and considers all 
uncertainties in earthquake source, path, and site conditions (Cornell, 1968, 1971; McGuire, 1976, 2004). This is 
why PSHA is so appealing and has become the dominant method for seismic hazard and risk assessment throughout 
the world. Another advantage of PSHA is that it could provide a seismic hazard estimate to satisfy any need or 
requirement because its end result is a curve that provides a range of hazard (i.e., 0.0 to 10.0g PGA). As shown in 
this paper, however, PSHA is based on an invalid earthquake physical model (point source) and incorrect 
mathematical formulation. Therefore, seismic hazard and risk derived from PSHA are difficult to explain and 
understand. Furthermore, the use of PSHA has led to both overly conservative and unsafe engineering design and 
policy, which has a significant consequence to society. The ground motion with 10 percent PE in 50 years was 
selected as the design ground motion in China (Hu and Gao, 2004); it indicates 0.1 to 0.15g PGA in the Wenchuan 
earthquake area. The recorded PGA was in the range of 0.3 to 0.6g in the epicentral area of the Wenchuan 
earthquake. This is one of the reasons that so many building were damaged and collapsed in the Wenchuan 
earthquake. Furthermore, PSHA has also been used in seismic hazard and risk assessment for nuclear facilities 
(SFNSI, 1999; USNRC, 2007). The consequence of using PSHA is significant. 
 
As an alternative, SHA utilizes earthquake occurrence frequency and modern ground-motion attenuation 
relationships directly. SHA calculates seismic hazard from all earthquake sources, but considers all uncertainties 
explicitly. Thus, hazard estimates from SHA are consistent with modern science. The hazard curve derived from 
SHA is similar to those derived from flood-frequency and wind-frequency analyses (Sacks, 1978; Gupta, 1989; 
Wang and Ormsbee, 2005) and has the same meaning (Wang, 2006, 2007). SHA can be directly used for risk 
assessment. Also, SHA is similar to the approaches of Milne and Davenport (1969) and Stein and others (2006).  
  
 
6. CONCLUSION 
 
Selection of a level of seismic hazard or risk for engineering design is complicated. It depends not only on science, 
but also on social, economic, and other issues. A good seismic design should be based on sound science, however. 
Therefore, it is essential for seismologists and engineers to understand seismic hazard and risk, as well as the 
science behind them. Unfortunately, there is clear gap between seismologists and engineers in understanding of 
seismic hazard and risk, particularly those derived from PSHA. Although PSHA has been the most widely used 
method in seismic hazard and risk assessments, it is not based on modern science. This is why seismic hazard and 
risk derived from PSHA are so difficult to explain and understand. The use of PSHA may not result in sound and 
safe seismic design. As an alternative, SHA provides scientifically consistent seismic hazard and risk estimates.  
     
 
7. REFERENCES 
 
Abrahamson, N.A., and Bommer, J.J. (2005). Probability and uncertainty in seismic hazard analysis, Earthquake 
  Spectra, 21, p. 603–607. 



Anderson, G.A., and Brune, J.N., 1999, Probabilistic seismic hazard analysis without the ergodic assumption, 
Seism. Res. Lett., 70, 19–28. 

Atkinson, G.M., and Boore, D.M. (2006). Earthquake ground-motion predictions for eastern North America, Bull.  
  Seismo. Soc. Am., 96, 2,181–2,205. 
Bakun, W.H., and Hopper, M.G. (2004). Historical seismic activity in the central United States, Seism. Res. Lett.,  

75, p. 564–574. 
Benjamin, J.R., and Cornell, C.A. (1970). Probability, statistics, and decision for civil engineers, New York,  

McGraw-Hill Book Company, 684 p. 
Bommer, J.J., and Abrahamson, N.A. (2006). Why do modern probabilistic seismic-hazard analyses often lead to  
 increased hazard estimates? Bull. Seismo. Soc. Am., 96, 1,976–1,977. 
Boore, D.M., Joyner, W.B., and Fumal, T.E. (1997). Equations for estimating horizontal response spectra and peak  

acceleration from western North American earthquakes: A summary of recent work,  Seism. Res. Lett., 68, 
p. 128–153. 

Campbell, K.W. (1981). Near-source attenuation of peak horizontal acceleration, Bull. Seismo. Soc. Am., 71, p.  
2,039─2,070  

Campbell, K.W. (2003). Prediction of strong ground motion using the hybrid empirical method and its use in the  
development of ground-motion (attenuation) relations in eastern North America, Bull. Seismo. Soc. Am., 93,  
p. 1,012─1,033. 

Cornell, C.A. (1968). Engineering seismic risk analysis, Bull. Seismol. Soc. Am., 58, p. 1,583–1,606. 
Cornell, C.A. (1971). Probabilistic analysis of damage to structures under seismic loads, in Howells, D.A., Haigh,  

I.P., and Taylor, C., eds., Dynamic waves in civil engineering. Proceedings of a conference organized by 
the Society for Earthquake and Civil Engineering Dynamics, New York, John Wiley, p. 473–493. 

Frankel, A. (2004). How can seismic hazard around the New Madrid Seismic Zone be similar to that in California?  
Seism. Res. Let., 75, p. 575–586. 

Frankel, A. (2005). Reply to “Comment on ‘How Can Seismic Hazard around the New Madrid Seismic Zone Be  
Similar to that in California?’ by Arthur Frankel”, by Zhenming Wang, Baoping Shi, and John D. Kiefer, 
Seism. Res. Lett., 76, p. 472–474. 

Frankel, A., Mueller, C., Barnhard, T., Perkins, D., Leyendecker, E., Dickman, N., Hanson, S., and Hopper, M.  
(1996). National seismic hazard maps, documentation June 1996, U.S. Geological Survey Open-File Report 
96-532, 110 p. 

Frankel, A.D., Petersen, M.D., Mueller, C.S., Haller, K.M., Wheeler, R.L., Leyendecker, E.V., Wesson, R.L.,  
Harmsen, S.C., Cramer, C.H., Perkins, D.M., and Rukstales, K.S. (2002). Documentation for the 2002 
update of the national seismic hazard maps, U.S. Geological Survey Open-File Report 02-420, 33 p. 

Gupta, R.S. (1989). Hydrology and hydraulic system, Englewood Cliffs, New Jersey, Prentice Hall, 739 p. 
Hu, Y., and Gao, M. (2004). The 2001 earthquake zonation map of mainland China. Proceedings of the 3rd  

International Conference on Continental Earthquakes, Beijing, China, July 12–14, 2004. 
Joyner, W.B., and Boore, D.M. (1981). Peak horizontal acceleration and velocity from strong-motion records  

including records from the 1979 Imperial Valley, California, earthquake, Bull. Seismo. Soc. Am., 71, p. 
2,011–2,038.  

Klügel, J.-U. (2005). Problems in the application of the SSHAC probability method or assessing earthquake hazards  
at Swiss nuclear power plants, Engineering Geology, 78, p. 285-307. 

Kramer, S.L. (1996). Geotechnical earthquake engineering. Upper Saddle River, N.J., Prentice Hall, 653 p. 
Krinitzsky, E.L. (2002). How to obtain earthquake ground motions for engineering design. Engineering Geology,  

65, p. 1–16. 
McGuire, R.K. (1976). FORTRAN computer program for seismic risk analysis, U.S. Geological Survey  

Open-File Report 76-67. 
McGuire, R.K. (1995) Probabilistic seismic hazard analysis and design earthquakes: Closing the loop, Bull.  

Seismol. Soc. Am., 85, p. 1275–1284. 
McGuire, R.K. (2004). Seismic hazard and risk analysis, Earthquake Engineering Research Institute, MNO-10,  



221 p. 
McGuire, R.K., Cornell, C.A., and Toro, G.R. (2005). The case for using mean seismic hazard, Earthquake Spectra,  

21, p. 879–886. 
Milne, W.G., and Davenport, A.G. (1969). Distribution of earthquake risk in Canada, Bull. Seismol. Soc. Am., 59,  

p. 729–754. 
Musson, R.M.W. (2005). Against fractiles, Earthquake Spectra, 21, p. 887–891. 
Petersen, M., Frankel, A.D., Harmsen, S.C., Mueller, C.S., Haller, K.M., Wheeler, R.L., Wesson, R.L., Zeng, Y.,   

Boyd, O.S., Perkins, D.M., Luco, N., Field, E.H., Wills, C.J., and Rukstales, K.S. (2008). Documentation 
for the 2008 update of the United States national seismic hazard maps, U.S. Geological Survey Open-File 
Report 2008–1128, 60 p. 

Reiter, L. (1990). Earthquake hazard analysis, New York, Columbia University Press, 254 p. 
Sacks, P. (1978). Wind forces in engineering [2d ed.], Elmsford, N.Y., Pergamon Press, 400 p.  
Smith, W. (2005). The challenge of earthquake risk assessment, Seism. Res. Lett., 76, p. 415–416. 
Stein, R.S., Toda, S., Parsons, T., and Grunewald, E. (2006). A new probabilistic seismic hazard assessment for  

greater Tokyo, Philo. Trans. R. Soc.  364, 1965–1988. 
Stepp, J.C., Wong, I., Whitney, J., Quittmeyer, R., Abrahamson, N., Toro, G., Youngs, R., Coppersmith, K., Savy,  

J., Sullivan, T., and Yucca Mountain PSHA project members (2001). Probabilistic seismic hazard analysis 
for ground motions and fault displacements at Yucca Mountain, Nevada, Earthquake Spectra, 17, p. 113–
151.  

Swiss Federal Nuclear Safety Inspectorate (1999). Technical and programmatic guidelines for probabilistic   
seismic hazard analysis at Swiss nuclear power plant sites. Draft version 2.0, June 11, 1999. 

U.S. Nuclear Regulatory Commission (2007), Regulatory guide 1.208, 24 p.  
Wang, Z. (2005). Comment on J.U. Klügel’s: Problems in the Application of the SSHAC Probability Method for  

Assessing Earthquake Hazards at Swiss Nuclear Power Plants, in Engineering Geology,. 78, 285–307, 
Engineering Geology, 82, p. 86–88. 

Wang, Z. (2006). Understanding seismic hazard and risk assessments: An example in the New Madrid Seismic  
Zone of the central United States, Proceedings of the 8th National Conference on Earthquake Engineering, 
April 18–22, 2006, San Francisco, Calif., Paper 416. 

Wang, Z. (2007). Seismic hazard and risk assessment in the intraplate environment: The New Madrid Seismic Zone  
of the central United States, in Stein, S., and Mazzotti, S., ed., Continental intraplate earthquakes: Science, 
hazard, and policy issues, Geological Society of America Special Paper 425, p. 363–373.  

Wang, Z., and Ormsbee, L. (2005). Comparison between probabilistic seismic hazard analysis and flood frequency  
analysis, EOS, Trans., AGU, 86, p. 45, 51–52. 

Wang, Z., and Woolery, E.W. (2008). Seismic hazard assessment of the Paducah Gaseous Diffusion  
Plant, Kentucky Geological Survey, ser. 12, Special Publication 9, 37 p. 

Wang, Z., and Zhou, M. (2007). Comment on “Why Do Modern Probabilistic Seismic-Hazard Analyses Often  
Lead to Increased Hazard Estimates?” by Julian J. Bommer and Norman A. Abrahamson, Bull. Seismol. 
Soc. Am., 97, p. 2212–2214. 

Wang, Z., Woolery, E.W., Shi, B., and Kiefer, J.D. (2003). Communicating with uncertainty: A critical issue with  
probabilistic seismic hazard analysis, EOS, Trans., AGU,  84, p. 501, 506, 508. 

Wang, Z., E.W. Woolery, B. Shi, and J.D. Kiefer (2004). Reply to Comment on “Communicating with Uncertainty:  
A Critical Issue with Probabilistic Seismic Hazard Analysis” by C.H. Cramer, EOS, Trans., AGU, 85: 283, 
286. 

Wang, Z., Woolery, E.W., Shi, B., and Kiefer, J.D. (2005). Comment on “How Can Seismic Hazard around the  
New Madrid Seismic Zone Be Similar to that in California?” by Arthur Frankel, Seism. Res. Lett., 76, p. 
466–471. 

 


