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Introduction

In recent years, seismic hazard analysis has received much 
attention, resulting in more realistic models to describe seismic 
sources, earthquake recurrence frequency, ground motion attenuation 
and ground motion occurrence probability at a site. Engineers whose 
work consists of assessing the seismic hazard using state-of-the-art 
methods sometimes feel negatively the consequences of this fast 
growing field. The engineer working on such an assessment faces 
problems of understanding numerous models, gathering and 
manipulating appropriate data for hazard parameters estimation, and 
interpreting the results.  

A few examples of questions engineers might have are: 
When and where do the models apply?  
How different are the results obtained with various models? 
What ground motions are the models likely to cause at a 
particular site? 
What level of uncertainty do they provide?  
What other earthquake-related hazards need to be considered 
(such as landslides or soil liquefaction)? 

Seismic hazard analysis is usually performed to obtain a 
characterization of the earthquake ground motion severity and of the 
potentials for landslides, fault rupture, and liquefaction at a particular 
site. However, largest interest is in the estimation of ground motion 
hazard, since it causes the largest economic loss in most earthquakes. 
An understanding of the regional tectonics, local geological history 
and seismicity of the area leads to the identification of seismic 
sources. Given the geological and seismological records of past 
earthquake activity, it is possible to assess the probability of the 
occurrence of earthquakes for the most tectonically active areas. The 
ground motion hazard is characterized by the probability of exceeding
(PE) a given level of a ground motion parameter (e.g., peak ground 
acceleration, PGA) at least once in a number of years corresponding, 
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for instance, to the lifetime of a structure. In a specific sense, seismic 
hazard is the probability of experiencing a specified intensity (e.g., 
PGA) at a particular site in some time period of interest. The 
likelihood for landslides and liquefaction can also be determined (Ang 
and Tang, 1975; 1984). Many investigators concentrate their attention 
on reliable estimates of the strong ground motions for earthquake 
resistant design of critical structures (Aki, 1968; Hartzell, 1978; 
Irikura and Muramatu, 1982; Irikura, 1986; Frankel, 1995). Using a 
reliable synthesis method of strong motions, the fault rupture process 
and the theoretical relationship between earthquake source parameters 
and strong ground motion can explicitly be incorporated into the 
estimation of ground motion hazard at a specific site. Since not all 
engineers and researchers are able to perform the seismic hazard 
analysis in a consistent way, a self-documenting tool should be 
developed to assist in selecting appropriate models and interpreting 
the results.  

Evaluation of seismic hazard requires several inputs and is 
performed through a number of steps. Statistical and geological 
evidence are first utilized to define the geographical demarcation of 
seismic source zones and seismically active faults. These geographical 
features can be modeled as point, line, or area sources. Seismicity 
related to a specific source zone is then represented by a recurrence
model consisting of a random process describing the distribution of 
the magnitude of earthquakes in a given period of time. In most cases, 
uniform probability distributions are assigned to each source zone, 
implying that earthquakes are equally likely to occur at any point 
within the source zone. Thus, seismic source zones define regions that 
are assumed to have uniform seismicity characteristics. The 
probability of exceeding a given level of a ground motion parameter 
(e.g., PGA) at least once in a given number of years at a given site is 
finally obtained through an attenuation model. The attenuation is a 
function of the earthquake magnitude, focal mechanism, site soil 
conditions, and source-to-site distance and azimuth. Sometimes, a 
correction is applied to the ground motion value to take into account 
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the local soil conditions. Most attenuation models express the median 
value of ground motion parameters as a function of the source-to-site 
distance and earthquake magnitude. 

Hazard uncertainties should be introduced at each step of the 
analysis. Results of seismic hazard should include an estimate of 
uncertainty attached to them to give an idea of their accuracy. Hazard 
uncertainty estimates help the engineer to interpret the results 
obtained. A brief discussion of the hazard uncertainties is given 
below.

Typically, an earthquake catalog displays a certain number of 
estimates of event size expressed in various magnitude scales. 
To determine the appropriate earthquake recurrence model and 
estimate the model parameters, the set of reported measures 
must be converted to a single consistent magnitude scale (e.g., 
moment magnitude, wM ). Measurement errors in original 
magnitudes are present, and conversion errors are introduced. 
Both types of uncertainties must be considered in the 
calculation of the magnitude and its uncertainty range on the 
selected scale.
Earthquake catalog incompleteness prevents the use of the 
entire historical record for unbiased estimation of seismicity 
parameters. Catalog completeness is important in the 
calculation of recurrence model parameters since one must 
account for the fact that the detection threshold of some 
magnitudes may change over the time span of the catalog. The 
statistical procedure proposed by Stepp (1972) can be used to 
determine the number of independent events including the 
definition of various magnitude ranges, and completeness 
periods for which the earthquake detection probability is 
homogeneous. Completeness periods are quantified using the 
time intervals during which a significant change in the 
cumulative number of events is observed.  
Seismicity smoothing (Frankel, 1995) is an alternative 
approach to define uncertain source area boundaries within 
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regions of low seismicity. Earthquake regions are divided into 
small blocks and seismic hazards are evaluated on each block. 
The a-value of the earthquake recurrence model (the total 
number of earthquakes with magnitude larger than zero) is 
determined for a regional grid of points and have been 
smoothed over a certain distance (e.g., epicenter location error) 
using a Gaussian smoothing function. Thus, seismicity 
smoothing linked with each point in the region is considered as 
normally distributed around that point. This method frees the 
analyst in locating area source boundaries.
Through the use of a stochastic model for the hypothesized 
earthquake sources, some of the randomness that results from 
the nature of the physical process is accounted for. However, 
the uncertainty in the models and parameters reflects the lack 
of knowledge about the true source mechanism. This 
uncertainty can be reduced with the collection of additional 
data or with the use of more refined models reflecting a better 
understanding of the physical process. This uncertainty should 
be accounted for through the formulation of a logic tree or a 
Monte Carlo simulation to provide reliable results. 
The selection of the appropriate earthquake recurrence model 
for a seismic source represents another major topic for 
investigation. For instance, the independence in time 
assumption characteristic for the Poisson model may apply 
only to a sequence of mainshocks on a seismic source. In that 
case, a method for determining clusters of events preceding or 
following mainshocks needs to be developed. Dependent 
events should be removed from the earthquake catalog based 
on magnitude-time-distance parameters appropriate for 
characterizing aftershock earthquake sequences. 
The use of a more sophisticated model, which incorporates 
geological information, is justified when the sequence of 
events exhibits a characteristic magnitude. A method for 
capturing these characteristics in the earthquake sequence for a 
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given source (e.g. active faults and subduction zones) should 
also be developed. Geological evidence indicates that the 
characteristic earthquakes occur more frequently than would 
be implied by extrapolation of the Gutenberg-Richter relation. 

The present research focuses on quantifying the hazard 
uncertainties in final hazard estimates. The uncertainties due to 
magnitude measurement and conversion, earthquake catalog 
incompleteness, and the recurrence model is propagated to final 
results in a systematic fashion. The use of appropriate models and 
propagation of uncertainty will ensure a more realistic assessment of 
the seismic hazard.  

The selection of a suitable site is a crucial step in the design of a 
building in an earthquake area. Relative hazard is first used to 
determine a ranking of the sites, which require immediate attention. A 
seismic risk analysis is then performed to determine which structures 
need upgrading. Seismic risk is defined as the likelihood of loss due to 
seismic activity. Relative hazard is also useful in making public policy 
decisions such as locating future critical facilities, establishing 
earthquake insurance premiums, and planning for emergencies. 

The goal of this work is to develop a tool that can be used to ensure 
informed decision-making regarding the seismic hazard at various 
sites. Hazard results are disaggregated to identify design earthquake(s) 
and associated uncertainties on the basis of the most likely 
combinations of earthquake magnitude and distance that would 
actually generate the strong ground motion at a particular site. A 
reliable synthesis method is introduced for estimating strong ground 
motions from large earthquakes using the records from small events. 

Mathematical models for the PSHA

The probabilistic seismic hazard analysis (PSHA) requires 
integration over the whole spectrum of potential earthquake 
magnitudes and source distances to estimate the annual frequency of 
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occurrence of ground motions at a site. The mathematical formulation 
of the PSHA at a particular site can be obtained by the expression: 
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earthquake magnitude and the probability density distribution of 
distance from the earthquake source to the site of interest, 
respectively;  MN  is the possible range of earthquakes between lower 
and upper bound magnitudes and RN  is the possible range of distance 
for different source-to-site distances. 

The conditional probability of exceeding a ground motion level for 
a certain earthquake magnitude and distance is determined from 
ground motion attenuation relationships. These relationships provide 
the means to estimate a particular ground motion parameter (e.g., 
PGA) from parameters of the earthquake, such as magnitude, source-
to-site distance and local site conditions. The annual rate of 
earthquake occurrence is obtained from earthquake recurrence 
relationships. Two recurrence models are used in the PSHA, the 
truncated exponential model and the characteristic earthquake model.
The two models are based on the truncation of the Gutenberg-Richter 
(1954) law and the hypothesized fault behavior that individual faults 
and fault segments tend to repeatedly generate similar size or 
characteristic earthquakes (Youngs and Coppersmith, 1985). The last 
term in equation (1) is the distance probability distribution, which 
depends on the geometry of earthquake sources and the distance from 
the site. It is assumed that earthquakes occur with equal likelihood in 
different parts of a source.
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Results of PSHA are usually expressed in terms of seismic hazard 
curves, which indicate the annual probability of exceedance (PE) of 
different values of the PGA at a particular site. This procedure provides 
information on how often different levels of PGA for a given structure 
are expected to be exceeded at a site and in a specified time interval. 
Probability results can also be presented as seismic hazard maps. Such 
maps illustrate regional differences in ground motion parameters (i.e., 
PGA) at a constant return period. These maps allow a rapid 
comparison of the seismic hazard for earthquake regions and the 
identification of the most hazardous areas. Results of hazard 
calculation, however, tell one nothing about what type of earthquakes 
actually produce these PGA values at a site, or whether it should be a 
moderate event at short range or a large earthquake at long range. The 
identification of the events, in terms of magnitude and distance that 
contribute most to seismic hazard for a given probability of 
exceedance has practical application (Kramer, 1996).  

Disaggregating the hazard results, which shows the contributions 
of different magnitude-distance pairs to the exceedance of the 
probabilistic ground motion, is a useful approach to define design 
earthquake(s) for the dominant contributor(s). It can serve as a guide 
for the selection of appropriate acceleration time histories or response
spectra, which efficiently indicate the destructiveness of earthquake, 
particularly those involved in the dynamic analysis. In PSHA
disaggregation, the hazard for a given return period is partitioned into 
selected magnitude and distance bins and the relative contribution to 
the hazard of each bin is calculated by dividing the bin exceedance 
frequency by the total exceedance frequency of all bins. The bins with 
the largest relative contributions identify those earthquakes that 
contribute most to the total hazard. Disaggregation of the total hazard 
as a function of magnitude and distance is illustrated in Figure 1. The 
height of each column represents the relative contribution to the total 
hazard of earthquakes with magnitudes and distances in the given 
range.
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Fig. 1. Disaggregation of the total hazard as a function of magnitude and distance. 
The columns show the relative contribution of different magnitude-distance pairs to 
computed seismic hazard at a given site. For example, this analysis would indicate 
that the main contribution to seismic hazard at a specific level of probability is an 
M=5.0-5.5 earthquake at a distance of 5 to 10 km from the site.   

Monte Carlo seismic hazard 

There are a variety of methods (Cornell, 1968; McGuire, 1995; 
Frankel, 1995) to compute the seismic hazard. These methods 
compute a probabilistic hazard by counting the number of occurrences 
of ground motions at a site. This type of seismic hazard analysis 
allows the area around the site to be divided into a number of different 
seismic source zones. The methods demonstrate how the resultant 
hazard maps depend mainly on the definition of source zones 
throughout the regions.

A strong underlying assumption in developing source zone 
configurations based on seismicity is that the pattern of observed 
seismicity represents the expected pattern of future earthquake 
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occurrence. If the catalog of past earthquakes is sufficiently long to 
tell us where we might expect future earthquakes to occur, the spatial 
distribution of earthquakes alone can be utilized to calculate seismic 
hazard. Thus, the geographical distribution of earthquakes largely 
guides the definition of sources. In regions with difficulties in 
demarcating earthquake source zones, the analysis of seismic hazard 
can capture most fully the spatial distribution of the observed 
seismicity around the site.  

According to the Monte Carlo method, the area surrounding a 
given site can be constrained by seismic source boundary locations to 
construct different earthquake catalogs. The catalogs will list 
earthquakes of different sizes up to the maximum magnitude at 
different possible earthquake locations. The earthquakes are usually 
assumed to have a uniform spatial distribution over the time period of 
the catalogs, and a Poisson temporal distribution with an activity rate 
( ) describing their occurrence. The activity rate is determined 
empirically from the past seismicity data. When events in the catalog 
follow a Poisson process, (t,x,y,z)  depends only on time-space 
coordinates. The region is subdivided into a finite number of sub 
regions and the Poisson process models fit to the data within each sub 
region. Then the conditional rate may be written as 
                                ),,()(),,,( 1 zyxltzyxt i

i

(2)
where li is indicator function denoting the relevant region. Once the 
annual exceedance rate ),,,1( zyxt is known, the probability that 
an observed ground motion parameter Yij will be equal or greater than 
the target value y in the next t years is expressed as 

P Yij y | t 1 exp( t (y ))                            (3) 

Equation (2) counts the number of times that ground motion exceeds 
the target level and equation (3) is then used to calculate the 
probability that ground motion will exceed that level. The method of 
seismicity smoothing is used to distribute earthquakes throughout the 
region using a Gaussian smoothing function (Frankel, 1995).  
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In order to have a complete earthquake catalog of long duration, a 
Monte Carlo method can be used to construct synthetic catalogs by 
extending the existing catalogs in time, as well as in magnitude and in 
space. The procedure is based on randomly pulling out earthquakes 
from the observed catalog and then replacing them. First, we select an 
epicenter from the observed earthquake subcatalog and allow random 
variation to include it in the synthetic catalog. A magnitude for that 
epicenter is then selected according to the observed magnitude-
frequency relationship. With such random draws, we construct 
sufficient data sets with exactly the same number of earthquakes as 
the actual data set. To construct a long-term synthetic catalog, the 
annual rate of events is first used as a time increment between events 
( 1/ T ) and then we allow the nth earthquake to take place at time 
(n 1) T  for each synthetic catalog. Computer-generated random 
numbers are used to simulate many long-term synthetic catalogs in 
which each possible sample of a given size n has an equal probability 
of being selected.

Therefore, the Monte Carlo seismic hazard for ground motions is 
estimated by selecting ground motion values at the site where the 
hazard is being calculated from each event in the catalog. This method 
has the advantage that the contribution of each earthquake to the total 
hazard is explicitly determined, the definition of seismic source is not 
required for the analysis, and disaggregation is directly computed as a 
part of the analysis of seismic hazard. 

Design response spectra 

It is recognized that earthquake damage is generally related both to 
the joint effect of the amplitude and frequency content of the ground 
motions and to the behavior of the structure being assessed. When a 
structure is shaken by a real earthquake, which generates a ground 
motion consisting of a mixture of frequencies, its response will 
depend both on the natural frequency of the structure and on the 
frequency content of the earthquake. The response spectrum is widely 
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used to determine the frequency content of seismic ground motion. 
The shape of the response spectrum depends strongly on magnitude of 
the causative event, the source-to-site distance and local site 
conditions. These parameters are the main variables used in predicting 
future ground motions. 

A conventional method for estimating response spectra is PSHA
disaggregation. The defined magnitude and distance parameters from 
the disaggregation serve as a guide in the identification of suitable 
earthquake records to be used in scaling empirical response spectral 
shape. Uniform hazard response spectrum (UHS) is another product in 
the PSHA. The attenuation laws serve as a predictive tool for ground 
motion parameters at a particular site in future earthquakes. Ground 
motions are first established by calculating spectral acceleration at 
various periods, T, for 5% of critical damping, a range of potential 
magnitudes and distances. Seismic hazard curves are then obtained for 
various periods of engineering interest. The ground motion amplitudes 
at a constant return period finally determine the UHS over a number of 
oscillator periods. The use of hazard results to develop response 
spectrum based on a constant hazard spectrum is shown in Figure 2. 

Treatment of modeling and parameter uncertainties 

The choice of particular models or model parameters for the 
individual components of equation (1) incorporates the different 
uncertainties in the seismic hazard results. Uncertainties should be 
modeled within the analysis framework to provide an assessment of 
their impact on the overall hazard results. Therefore, a distribution of 
seismic hazard results ranging from the 5th to the 95th percentile or 
about plus and minus two standard deviations can be obtained from 
the incorporation of uncertainties in the PSHA. There are two types of 
variability that can be included in the PSHA. Aleatory variability is 
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uncertainty in the data used in an analysis and generally accounts for 

Fig. 2. Development of a constant hazard response spectrum (for a given return 
period) from probabilistic seismic hazard analysis for response spectral values. A 
procedure of four steps is considered to construct a response spectrum from hazard 
results. The first step consists of a specification of source zones, expected to be the 
source of future earthquakes. Next, the ground motion produced at the site by 
earthquakes is determined with the use of an attenuation relationship. Hazard 
curves are obtained for spectral amplitudes at each period and finally constant 
hazard spectral amplitudes are constructed by using the hazard curves. 



13

randomness associated with the prediction of a parameter from a 
specific model, assuming that the model is correct. For instance, the 
standard deviation of a mean ground motion attenuation relationship is 
a representation of aleatory variability. Epistemic variability, or 
modeling uncertainty, accounts for incomplete knowledge in 
predictive models and for the variability in the interpretations of the 
data used to develop the models. Aleatory uncertainty is included 
directly in the PSHA calculations by using mathematical integration, 
whereas epistemic uncertainty is incorporated by explicitly including 
alternative hypotheses and models. The epistemic uncertainties can 
directly be incorporated into the hazard analysis via a logic tree 
approach. The logic tree approach allows the use of a sequence of 
assessments for models and parameters, each of which is assigned as a 
weighted uncertainty or likelihood. The general structure of a logic 
tree is composed of a series of nodes, representing points at which 
input parameter values or models are specified, and branches leading 
from the node that represent possible discrete alternatives for the state 
of assessments. Two types of relative likelihood assessments are 
assigned as a weighting factor to each alternative. If it is assumed that 
the probabilities are all equal for uncertainty distributions, then the 
ordinates of the distribution for average are approximated by the 
ordinates of the normal distribution. The degree of preference in 
alternative models can be expressed by the logic tree weights. Strong 
and weak preferences are represented by weighting factors of 0.9 and 
0.1, respectively. If there is no preference for either model, they are 
assigned equal weights. Increasing weights from 0.5 to 0.9 reflect an 
increasing preference for the alternative. All quantitative uncertainty 
distributions are also assumed to be normally distributed.  

A disadvantage of the logic tree is the computational cost, which 
increases rapidly with the increasing number of nodes and branches. 
However, the positive feature of the logic tree is that the sensitivity of 
the PGA to the selection of different weights for each alternative can 
easily be analyzed. Sensitivity investigation on some essential hazard 
inputs and weights can cover all the elements that are used to 
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determine the final hazard calculations. Thus, we do not need to run 
computations for all possible combinations for a fixed annual 
probability. The models and parameter values that are expected to 
contribute significantly to the site hazard should be considered in the 
logic tree. This inverse process can be reduced the pattern of a logic 
tree.

Sensitivity analysis is used to identify the input assumptions that 
have the largest effects on the model predictions. If the assumptions 
are highly uncertain, it may be worth investing effort to reduce 
uncertainty about those assumptions. Randomized blocks design is a 
way to address and quantify uncertainty in the final result. For 
example, there is a single quantitative variable, describing an 
attenuation relationship, and two qualitative variables, magnitude and 
distance, which can be represented as three factors, T, C, and K,
respectively. If the associated uncertainty for each factor is considered 
at two levels then eight combinations can be displayed graphically as 
a cube, as shown in Fig 3a. The treatment combinations are written in 
standard order as (1), t, c, tc, k, tk, ck, and tck. There are seven degrees 
of freedom between the eight treatment combinations in the final 
results. Three degrees of freedom are associated with the main effects 
of T, C, and K. Four degrees of freedom are associated with two and 
three-factor interactions. Sensitivity of each of the factors can be 
calculated by the change in target spectral acceleration when we move 
from the low level to the high level of that factor (Box et al., 1978) 
For instance, the sensitivity of T can be estimated as a contrast 
between the four-treatment combination in the right face of the cube 
in Fig 3a where T is at the high level and the four in the left face 
where T is at the low level.  In a similar manner, the sensitivities of C
and K are the difference in averages between the four-treatment 
combinations in the front face of the cube and the four in the back 
face. The sensitivity of two-factor interaction can be explicitly 
computed. For instance, the TC interaction is the difference in 
averages between runs on two diagonal planes in the cube in Fig 3b. 
Using similar logic and referring to Fig 3b we obtain the other two- 
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factor interaction. The TCK interaction is defined as the average 
difference between the TC interactions for the two different levels of 
K. In terms of absolute magnitude, main effects tend to be larger 

Fig. 3.  Geometric representation of contrasts corresponding to main effects and 
interactions. In terms of absolute magnitude, main effects tend to be larger than 
two-factor interactions, which in turn tend to be larger than three-factor 
interactions. 
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than two-factor interactions, which in turn tend to be larger than three 
factor interactions, and so on. Therefore, the higher order interactions 
become negligible and can be disregarded. As a result, when a 
moderately large number of variables are introduced into sensitivity 
analysis we can confound or mix higher order interactions together 
and reduce the number of calculations. 

Another way to address the uncertainties in the PSHA is the Monte
Carlo simulation method. In this analysis, the variability and 
uncertainty of each input parameter is represented by a frequency 
distribution. Based on the frequency distribution of the input 
parameters, the Monte Carlo method selects randomly generated input 
data sets and calculates the corresponding output. A new input data set 
is generated at random, and the corresponding new output is 
calculated. This process is repeated until the statistical distribution of 
the model output reaches a stable state. The result of the Monte Carlo 
analysis is the statistical distribution of the output parameters, with its 
mean, median and standard deviation. Figure 4 illustrates an example 
of the sampling procedure in a recurrence model to calculate the 
distribution of the a- and b-value (Burt and Barber, 1996) of 
Gutenberg-Richter relationship.

Theoretical ground motion modeling 

In preceding sections the strong ground motion hazard has been 
characterized in terms of time of occurrence, epicentral location and 
magnitude of future earthquakes. For epicentral distances large in 
comparison with the dimensions of the surface rupture (far field), the 
magnitude is dominant. When dimensions of the surface rupture are of 
the same order as the distance to the location of interest (near field), 
the magnitude alone is not enough to characterize the earthquake 
source and the strong ground motion at the site. The effect of other 
parameters such as seismic moment, fault rupture, average 
displacement, rupture directivity and stress drop can be significant. 
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Thus, the use of these parameters is strongly recommended for the 

Fig. 4. An example of the sampling procedure in a regression model. Monte Carlo is 
a sampling technique. Computer-generated random numbers are used to simulate 
many synthetic data sets. Each of these is analyzed to obtain its fitted parameters. 
The distribution of the fitted parameters around the true parameters is thus studied 
as hazard uncertainty. 

near field ground motion investigations. As shown in Figure 5, 
theoretical models of the far field ground displacement and 
acceleration spectra follow the 2 spectral scaling model, where  is 
angular frequency. This model assumes that the source displacement 
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spectrum has a flat level at low frequencies and an omega-square
decay at high frequencies i.e., beyond a corner frequency. If the 
source is discretized into a number of point sources with known focal 
mechanism, the 2  spectral model can be utilized for the near field 
area to predict strong ground motion hazard and the respective 
uncertainties.  

Fig. 5.  Earthquake elasto-dynamic model of fault mechanism. Theoretical 
displacement and acceleration source spectra (c) for an event predicted by the 

2 spectral scaling model with constant stress drop. 

A useful approach for this purpose is to estimate strong ground 
motion for a large earthquake using records of small earthquakes, 
considered as empirical Green’s functions (Hartzell, 1978). To 
accomplish this, deterministic predictions of the ground motion can be 
achieved by the convolution of empirical Green’s functions and the 
slip function. The empirical Green’s function is estimated by using 
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motions of small earthquakes as an empirical Earth response at the site 
due to a slip displacement at the source. The slip function is expressed 
by the variation of slip displacement with time. The empirical Green’s 
function approach is based on the idea that if an aftershock can be 
approximated as a point source on the fault of the main shock, then the 
ground motion associated with the small event may be regarded as 
Green’s function, which involves all propagation effects from the 
source to the receiver. Combining Green’s function with the slip 
function at all points of the causative fault (Bolt, 1987) gives the 
overall ground motion at the site. This approach is useful, particularly 
when the database of strong motion recordings is too sparse to 
develop empirical attenuation relations from recorded data.  Besides, 
estimation of the peak amplitude, also the duration of strong ground 
motion in the time domain and the spectral shape in the frequency 
domain complete the description of the seismic ground motion hazard.  

It should be noted that the duration of strong ground motion could 
have a significant influence on earthquake damage. Some time 
histories (short duration), are characterized by single peak amplitude 
(e.g., PGA), which often occurs at high frequencies and consequently 
has little effect on structures with lower natural frequencies. In other 
time histories (long duration), a number of peaks of similar amplitude 
are observed, which can be related to structural response and to 
damage potential of an earthquake.  
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Organization of the presentation 

Paper I 

Sensitivity of seismic hazard evaluations to uncertainties 
determined from seismic source characterization 

Two types of uncertainty, aleatory and epistemic, have to be taken 
into account in the evaluation of seismic hazard (Paper I). The main 
objective of this paper is to present a randomized blocks design
(RBD) which provides a maximum amount of information relevant to 
the sensitivity of seismic hazard evaluations using epistemic and 
aleatory uncertainties in models and parameters. The input models and 
parameters are those related to the attenuation, magnitude rupture-
length and recurrence relationships with their uncertainties. The 
purpose of RBD is to provide efficient sensitivity estimates of seismic 
hazard evaluations, for a decreasing number of nodes and branches in 
logic tree. 

For those less familiar with details of the sensitivity analysis of 
seismic hazard to uncertainties, this study may be informative about 
the basic variations that occur. The study presents a statistical method 
to evaluate the uncertainties in traditional seismic hazard analysis. The 
method is based on random block statistics that considers all 
combinations of uncertain information. Epistemic and aleatory 
uncertainties are both treated as model uncertainties. I try to 
demonstrate that RBD is a powerful method for analysis of 
uncertainty in seismic hazard analysis. The RBD is a well-known 
statistical approach; however it has not previously been used in the 
uncertainty analysis of seismic hazard. Thus, the present work 
represents a new treatment of the problem. The method appears to be 
particularly robust when there are a large number of uncertainties. It 
provides engineers and other users with understandable scenarios that 
can be related to the hazard at hand.
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As a case history, the present paper addresses the sensitivity of 
hazard estimates with respect to input models and parameters and the 
treatment of uncertainties for the city of Tabriz in northwestern Iran. 
The effects of uncertainties are independently distributed following a 
normal distribution with mean zero and constant variance. In addition, 
the sensitivity and overall uncertainty in peak ground acceleration 
(PGA) estimates and eight seismic hazard models and parameters with 
randomly selected uncertainties at two levels have been examined for 
the city of Tabriz.  

As the representation of seismic hazard improves, it becomes 
possible to provide engineers with detailed information regarding a 
particular site that will allow them to make qualified decisions and 
perform efficient and realistic design. 

Paper II 

Monte Carlo seismic hazard maps for northern Central America, 
covering El Salvador and surrounding area 

In engineering practice, quantitative estimation of earthquake 
ground motion at a particular site may be analyzed by both 
deterministic and probabilistic methods. Each method has advantages 
and disadvantages (Reiter, 1990). To employ the advantages of both 
approaches to obtain a uniform basis for hazard evaluation, the 
deterministic approach must be converted into the probabilistic 
approach in a described seismicity model. This helps to characterize 
the range of potential values in the hazard evaluation and assesses the 
probability of exceeding specific target values. Paper II describes a 
Monte Carlo approach and discusses the characteristics that favor this 
technique over the previous methods.  

We made an effort to suggest a new set of hazard maps for Central 
America, since we think the current seismic hazard maps are in need 
of significant improvement. This study demonstrates how to eliminate 
the seismic source boundary location, which significantly affects the 
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resolution of the resulting hazard maps. We used a Monte Carlo 
approach to estimate the earthquake hazard and uncertainties and 
produced a new seismic zonation for the region. We have 
recommended that two controlling earthquakes should be used for 
sites near the subduction of the Cocos plate in the Middle America 
Trench. Thus, the associated spectral shape should be produced by 
contributions from both the volcanic chain (as small nearby 
earthquake sources) and from the subduction zone (as large distant 
earthquake sources). The disaggregated hazard results, we have 
presented in this study, are significant regarding necessary 
expenditure in terms of building construction and insurance premiums 
in the relevant areas.  

Paper III 

Subduction and crustal fault models to characterize seismogenic 
zones for seismic hazard in northern Central America 

Paper III describes methods to characterize earthquake sources for 
engineering seismic hazard. Geological data are incorporated with 
seismicity data to characterize more precisely the seismic source 
model, based on consistency of the geological nature of the faulting 
and the discrepancy in the activity rate of seismic sources. Thus, 
besides the observed seismicity data, detailed geological information 
gives important insights into the historical perspective of seismicity in 
a given region.

As a case history, a combined procedure is used to estimate the 
seismicity in northern Central America, where there appears to be four 
distinct tectonic environments for modeling the seismogenic sources. 
We present a preferred seismic hazard model to derive the expected 
patterns of seismicity across the region and forecast recurrence 
intervals for the largest transcurrent and subduction zone earthquakes. 
Alternate treatments (characteristic earthquake models and seismic 
coupling) are examined to bring various parameter sets into 
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agreement. The Monte Carlo method is utilized to investigate the 
seismic hazard parameters, and to create synthetic catalogs to test 
parameter sensitivities. Slip rates on some of the faults are derived 
from the velocity-space diagrams. A linear velocity analysis gives an 
average extension rate of 6.8 mm/yr along the Honduras depression 
and a slip rate of 5.3 mm/yr along the dextral Guayape fault. We 
demonstrate that the truncated Gutenberg-Richter relationship and the 
characteristic recurrence model are usually an appropriate 
representation of the seismicity of regions containing fault zones and 
individual faults, respectively. We adapt the seismic coupling result to 
calculate the number of earthquakes necessary to release the 
maximum seismic moment rate.  

Paper IV 

Prediction of strong ground motion hazard from the 2002 Chang-
ureh earthquake in northwestern Iran 

For performance-based design, the ground motions may need to be 
specified not only as response spectra but also by suites of strong 
motion time histories for input into time domain analyses of structures. 
For instance, the effects of parameters such as the seismic moment, the 
fault rupture, the rupture directivity and the stress drop are strongly 
recommended for studies of the near field ground motions. Thus, the 
evaluation of the ground response requires a more comprehensive 
representation of ground motions than has conventionally been used to 
estimate seismic hazard. 

By using scaling relations for earthquake source parameters in 
conjunction with the elasto-dynamic representation theorem, ground 
motion time histories can be generated by using an a priori assumption 
about the shape of the source spectrum. The rupture process of the 
2002 Changureh, Iran earthquake (Mw = 6.5) was analyzed by using 
the empirical Green’s function (EGF) method. The fault rupture plane 
was determined from a comparison of the synthetic motions with the 
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observed records made at teleseismic and local stations around the 
source zone. In this study, I have used a simple approach for 
engineering seismologists to develop a reliable and practical synthesis 
method for strong motions evaluation. It is based on careful 
considerations of the physical properties of the earthquake fault. I 
made use of records of the largest aftershock (Mw = 4.8) as a Green’s 
function to compute the mainshock motions and the scaling law among 
the source parameters.  

The effect of source parameters is also evaluated when the EGF 
method is applied to synthetic seismic hazard.  This method is 
developed to simulate strong ground motions for future large 
earthquakes at particular sites where there are no seismographic 
stations to record the earthquake. To accomplish this, seismic hazard-
consistent magnitudes and distances of the Changureh earthquake fault 
are first obtained. Then a simulation technique for strong ground 
motion is performed to reproduce the mainshock accelerogams at 
heavily damaged areas.
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