
Evaluate a level of groundmotion requires to know: 
 
-the probability of occurrence of an earthquake at any 
place 
 
-the ground motion associated with this earthquake at a 
given distance and the associated variability (emprical 
information+simple functional forms) 
 
Example share: peak acceleration associated for a 
probability of 2% on a period of 50 years 
 

 50 years: lifetime of a building.. 
 2%: acceptability (subjective) 
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475 years 



Earthquake statistics 



Earthquake statistics and Probabilistic Seismic 
Hazard 

 
 
 1.  Seismic gap theory and earthquake probability (with 

and without memory)  
2.  Frequency-magnitude relationships « Gutenberg 

Richter law » and earthquakes probabilities (without 
memory).  

3.  Aftershocks 
4.  Probabilistic Seismic Hazard Assessment 
5.  Research needed ? 
6.  Exercices  

  



Reid Model 

Scholz, 1989 

Time predictable Slip predictable 

RI : recurrence interval 

 Is the reality so simple ? 
  



Source : Iris 



Scholz 



SW 



Gaussian (normal), log normal and Poisson statistics 



Kramer, Geotechnical Earthquake Engineering, 1996 

Kramer, 1996 



Kramer, 1996 



Kramer, p128 



SW 

Gaussian vs 
Poissonian 

Using Bayes’ theorem: 
 
Conditonal probability C(T,T0): 
earthquake occuring between T 
and T0. 
 
C(T,T0)=(P(T)-P(T0))/(1-P(T0)) 
 
 



Gap theory 

Provides a quantitative method to assess 
the relative hazard of different major fault 
segments. 

 
This is near the state of the art in 

earthquake prediction. 
 
Uncertainties are high at present. 



Stein and Wysession, chapter 4 
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EQ catalogues 

•  Time is in Grenwich Mean Time (GMT). 
This is also called Universal Time. Since 
earthquakes are recorded across many 
time zones, it is essential for seismologists 
to select a worldwide common time 
standard. 

•  Convention is that north latitude is 
positive, east longitude is positive.  

Courtesy of F. Scherbaum 
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Gutenberg-Richter law 
 
(a model for the data : not a law) 



Seismicity 
•  Main shock - largest earthquake in a sequence. 

•   Foreshocks - smaller earthquakes before the main 
shock (but there is no reliable method to determine if an 
event is a foreshock !!) 

•  Aftershocks - smaller earthquakes that follow the main 
shock 

•  Swarm - sequence of earthquakes in which several of 
the largest events are about the same size. 



SW 

N(t) = K * (t + c)-p 



Generally, use declustered 
catalogs 

•  Raw seismic catalog is highly clustered. 

May 25, 2010 21 



Probabilistic Seismic Hazard 
Analysis (PSHA)  

•  Can be described as a combination of 
many scenarios 

•  Procedure follows from elementary 
probability theory 

22 



23 

PGA with 2% in 50 year PE. BC rock. 2008 USGS
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2% in 50 years means a recurrence time of 475 
years for a poissonian process 



PSHA through experiment 
•  Suppose one were to run a strong motion 

accelerograph at a site for 10,000 years. 
•  From that data, we could determine the average 

rate that any peak acceleration is equaled or 
exceeded (provided it occurs at least once in 
10,000 years).  

•  The result is called a hazard curve. 
•  A probabilistic seismic hazard analysis tries to 

predict the outcome of this experiment. 

Courtesy of . Anderson 24 
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PSHA Methodology 

May 25, 2010 26 

� 

λC Y( )Annual Exceedance Rate 

Source: USGS web site 

Contour these points to 
generate a hazard map. 
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PSHA	
  Methodology	
  

� 

λC (Y ) = n(M,rflt )Φ(y ≥ Y | ˆ Y (M,rflt ),σT )∫∫ dMdrflt

General integral to calculate            :  

� 

λC Y( )

� 

n(M,rflt )

� 

Φ(y ≥ Y | ˆ Y (M,rflt ),σ T )

Seismicity model 

Ground motion prediction 
eqn. 

Courtesy of . Anderson 



General integral to calculate             :  

•  The expected (or mean) 
number of events per year in 
which the amplitude of a 
measure of the ground motion 
y exceeds a given threshold Y. 

� 

λC (Y ) = n(M,rflt )Φ(y ≥ Y | ˆ Y (M,rflt ),σT )∫∫ dMdrflt

� 

λC y ≥ Y( )

� 

λC Y( )

Courtesy of . Anderson 



Defining equation for PSHA 

•  The seismicity model gives the number 
of events per year, of magnitude M, and 
in a location x.  Note that rflt=|x-xsite|, 
where the hazard curve is for the 
location xsite. 

•  Models range from simple to complex.   
•  Only include main shocks in the model. 

Seismicity	
  Model	
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� 

λC (Y ) = n(M,rflt )Φ(y ≥ Y | ˆ Y (M,rflt ),σT )∫∫ dMdrflt

Courtesy of . Anderson 
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PGA with 2% in 50 year PE. BC rock. 2008 USGS
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PSHA	
  Methodology	
  

� 

n(M,rflt )
Seismicity model 
 
Large scale –  

• should look about like the 
seismicity map. 

Fine scale –  
• depends on details of fault 
locations, magnitudes, 
activity rates,  
• can be very difficult to 
develop 

May 25, 2010, John 
Anderson lecture 

Courtesy of . Anderson 



PSHA Methodology 
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� 

λC Y( )Annual Exceedance Rate 

� 

P Y,T( ) = 1− exp −λC Y( )T( )Hazard curve 

Source: USGS web site 

Y:   amplitude of ground 
motion (acceleration in this 
case) 
T:   time interval 
 
Contour these points to 
generate a hazard map. 
 
Quality of hazard map 
depends on quality of  
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Defining equation for PSHA 

•  rflt is the distance from the source to the station. 
•           gives a probability of exceeding Y conditional on M 

and r.  In other words, if the ground motion prediction 
equation predicts a smaller ground motion, but still has a 
dispersion about the mean prediction, then this must 
calculate the probability of exceeding Y considering that 
dispersion. 

Ground	
  mo7on	
  predic7on	
  equa7on	
  

( )•Φ� 

λC (Y ) = n(M,rflt )Φ(y ≥ Y | ˆ Y (M,rflt ),σT )∫∫ dMdrflt

Courtesy of . Anderson 



 
  Ground motion evaluation  

 
Source + Path + Site 



magnitude	





Geometrical spreading	





Anélastic attenuation	





 Effet de site : séisme de 
Mexico (1985) 



150 cm/s² 

170 cm/s² 

35 cm/s² 

T ~ 2s 

T ~ 2s 
MEXICO :1985 



log(Y) = f(M, F, R, S) : simplest form ?	



( ) ),()log()()()(log ficRRfbMfafPSA +−⋅+⋅=

Source 

Path 

Site 

Magnitude 

Distance 

Vs30 (S wave velocity in the 
last 30 meters) 



How are empirical models derived ?	



•  Choice of a functional form (choice of the 
equation which describes the distance 
and magnitude dependence of ground 
motion)	



•  Choice of a database	


•  « Regression » : regression analysis is the 

mathematical process used to determine the 
coeffient in the equation in order to fit the 
data	
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δ, residual	


log(Ypred)	



log(Yobs)	





δ = log(Yobs) – log(Ypred) = log(Yobs) – f(M, R)	



We introduce ε, to represent the residuals normalized 
by the standard deviation, ε= δ/σ	



ε	

 Probability of 
Exceedance 	



  0                50% 	


                (median)	


   1               16%	



  -1               84%	



   2               2.3%	



   3               0.1%	





The logarithmic 
residuals are 

generally found to 
conform to a 

normal (Gaussian) 
distribution with 

mean 0 and 
standard deviation 

σ	



The distribution of the ground-motion residuals can therefore 
be completely characterized by the logarithmic standard 
deviation, σ	





log(Distance)	



M
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 N(0,σ) 
ε.σ	



log(Y) = f(M, F, R, S) + δ = f(M, F, R, S) + ε.σ  	





Distance à la faille, km 
Courtesy from Y. Fukushima 

cm/s2 

Recordings of 1995 Kobe  earthquake compared to the 
Tanaka and Fukushima (1990) GMPE	



ε = 1	
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