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The seismic activity of the Brazilian territory is considered very low, however the 

effects of earthquakes cannot be disregarded in a structural project. The probabilistic 

analysis method of seismic hazard considers uncertainties and the variability of 

physical processes that quantify the seismic risk that may affect an entire structure. 

This work is aimed at determining the response spectrum with return period based on 

the entire seismological analysis of the Southeastern region of Brazil. A probabilistic 

analysis is conducted by the R-CRISIS program to generate the response spectrum. 

This acceleration response spectrum will be applied in a practical example in the 

structural design of a building under the seismic force and wind force separately, in 

order to compare the stresses in the structure and, consequently, the structural risk in 

each situation.  
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1 INTRODUCTION 

 CONTEXT AND MOTIVATION 

 

Although earthquakes can be generated by volcanic eruptions and explosions, the 

most common cause by far is the relative movements between tectonic plates. The energy 

released at the source of the earthquake spreads through rock and soil. The disasters caused by 

an earthquake can be severe, an entire structure can be damaged and many people can die. In 

our history there have been many seismic events that caused vast losses to humanity. 

Earthquakes with less than 5.0 degrees magnitude on Richter scale are generally not 

capable of causing structural damage to modern construction. From this value, the structures 

can be damaged easier. Brazil is known to be “free” from earthquakes as it is a country 

located in the center of a tectonic plate. However, there are recorded events with more than 

6.0 Richter magnitude, one in 1955 with magnitude 6.6 in Mato Grosso and another one in 

1955 with magnitude 6.3 in Espírito Santo, both in southeastern Brazil. When those 

earthquakes happened, the areas were not inhabited, but nowadays these are regions with 

well-developed cities, huge infrastructure and nuclear power plants. That is the reason why 

seismic hazard analysis has been developed in the past years in Brazil.  

Probabilistic methods are used for seismic hazard because there is a real difficulty in 

obtaining a sufficient number of events to establish a representative database for this kind of 

natural events. The objective of a probabilistic seismic hazard analysis (PSHA) is to provide a 

long-term overview of the relationships between ground motion levels and their occurrence 

frequencies. In this framework, the ground motion prediction equations play an important role 

in this research, as they are used by programs to compute the response spectrum at a site with 

a given return period. 

Besides the methods to predict a seismic event and its ground acceleration, it is 

important to know how reliable a structure in southeastern Brazil is when a dynamic force is 

applied, the ground motion acceleration. The structural analysis for residential or commercial 

buildings in Brazil are carried out nowadays considering only static forces, commonly the 

wind force. In order to compare the stresses caused in a practical building example, two 

analysis will be generated under its self-weight and two types of loadings, a dynamic one and 

static one.   
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 OBJECTIVE OF THE PROJECT 

 

The objective of this work is to generate probabilistic response spectra for the 

reference site and make a structural analysis comparing the stresses of a building under a 

dynamic force caused by a seismic event and under a static force caused by the wind. The first 

step is the computation of the data necessary for R-CRISIS program input. The seismic 

catalog of the southeastern Brazil is from the year of 1724 until 2016 and it is the main source 

for this data computation. The output of the probabilistic seismic hazard analysis is the 

acceleration response spectrum which will be applied to a theoretical building.  

The structural analysis will be conducted considering the seismic dynamic loading 

and the wind static loading separately, in order to compare the stresses caused by each type of 

loading in the building. This comparison is important to show the risk between structural 

analysis in Brazil considering only wind forces and the possibility to consider also seismic 

events as a dynamic force. 

 

 METHODOLOGY 

 

The objective of a probabilistic seismic hazard analysis (PSHA) is to provide a long-

term assesment of the relationships between ground motion levels and their occurrence 

frequencies. A PSHA allows the user to obtain feasible earthquakes with different locations, 

magnitudes, and occurrence frequencies, associated to all the seismic sources of interest. For 

this case, the PSHA was developed using the latest version of the program R-CRISIS, a well-

known and accepted tool that implements state-of-the-art methodologies to perform PSHA      

( Ordaz et al., 2013). 

To fulfil the project objective, the first step of this work has as reference the research 

done by Santos and Lima (2008) , Dourado (2013) and Romero et tal. (2013). All of them 

have already done a probabilistic seismic hazard in some regions of Brazil but using the 

ground motion prediction equations in different ways. 

From these references, the data of seismic events that occurred in southeastern Brazil 

was analyzed and computations were done in order to get the final parameters for the seismic 

hazard analysis. The location site used as reference is the city of Arraial do Cabo – RJ. The 
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computer program R-CRISIS allows to choose a ground motion prediction equation to 

compute de acceleration response spectrum. In this study, Toro et. al. (1997) and Atkinson 

and Boore (2003) were the GMPEs used. 

 

Figure 1 - Location of Arraial do Cabo in the state of Rio de Janeiro – Brazil.  

Taken from MesoMicroMunicip.svg 

 

 

Consequently, the peak ground acceleration for the specific site was found with the 

generated acceleration response spectrum. The next step was to apply this acceleration to a 

theoretical concrete building of 8 storey as a dynamic loading. The first structural analysis 

consists of getting the stresses of a central column caused by the self-weight and the seismic 

acceleration with return periods of 475 years and 2475 years. A second structural analysis will 

be carried out considering only the self-weight of the building and the wind force, as a static 

loading. In Brazil is not common to consider seismic dynamic forces in residential or 

commercial buildings, therefore the goal of these two analyses is to compare the stresses 

found for each loading situation and discuss the critical scenario that may happen with a 

potential seismic event occurrence.  



10 
 

2 SEISMOTECTONIC FRAMEWORK OF BRAZIL 

 

The regions on Earth where the largest earthquakes occur, i.e. the most seismically 

active regions, coincide with the limits of tectonic plates. The edge of oceanic and continental 

plates is where over 90% of the world earthquakes occur. Plate boundary regions have the 

seismicity relatively concentrated and earthquakes causes are well understood, however 

intraplate seismicity represents diffuse deformation in relatively stable tectonic regions, and 

its origins cannot be explained simply, given that they depend on the local tectonic context. 

Brazil seismic scenario is included in these intraplate seismicity cases. 

The studies of Assumpção et al. (2004) based on seismic tomography results show that 

lithospheric thinning could provide favorable conditions for stress concentration in the brittle 

upper crust, which may explain the epicentral distribution within the South American 

Platform. In regions of tectonic lithospheric thinning, the stress tends to focus on the crust, 

while in regions of thicker lithosphere the stress is more distributed within the upper mantle. 

Seismological research in South America started to be developed at the end of XIX 

century, with the installation of the Observatório Nacional station at Rio de Janeiro. From 

1977 to 1992, Observatório Nacional accumulated a valuable data set of long period analog 

records, which have been used to investigate crustal and upper mantle structure of Brazil by 

surface wave dispersion ( Souza , 1988; 1991 ). In Brazil, information about crustal thickness 

is limited and concentrated in some regions of the country. According to Assumpção et al. 

(1997), crustal thickness in southeastern Brazil varies from 37 to 47km 
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Figure 2 - Map of Tectonic Plates . Taken from Francisco (2018) 

 

 

 

In fact, comparing Brazil to other regions of the planet, or even to South America, we 

can see that its seismic activity is less, and it is relatively low. For this reason, there is no 

great interest in the development of seismic research in this region, as there is in the regions 

of high level of seismic activity. Even so, in recent times, information has been compiled on 

earthquakes that have occurred since historical times in Brazil. 

There is not yet a complete analysis of the seismicity of the Brazilian territory. There 

is, however, a study of seismic risk in South America as a Global Earthquake Model initiative 

which lasted between 2013 and 2015. The South America Risk Assessment ( SARA ) project 

“ aimed to calculate hazard and risk, and to estimate the compounding social and economic 

factors that increase the physical damage and decrease the post-event capacities of 

populations to respond to and recover from damaging earthquake events in South America, by 

involving local experts from throughout the region” (sara.openquake.org ). Figure 3 shows the 

seismic hazard map related to the peak ground acceleration with exceedance of 10% in 50 

years. 
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Figure 3 - South America seismic hazard map according to SARA project. Taken from sara.openquake.org 

 

 

It is notable, in this map, that the Brazilian territory presents low seismicity, with 

ground horizontal peak accelerations usually under 0.04g or 0.4m/s². It is worth also 

mentioning that in some areas of Brazil seismicity is not negligible. The regions with higher 

seismicity are some states of the Northeast, due to its position in relation to the tectonic fault 

of the Central Atlantic, and in the North part, Acre and Amazonas states, due to its proximity 

to the Andes Mountains. Figure 4 demonstrates the regions of Brazil in order to clarify the 

states that have been mentioned in this text. 
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Figure 4 - Map of Brazilian regions. Taken from: maps-brazil.com/northern-brazil-map 

 

 

A research done by Falconi (2003) presents a comparative analysis between seismic 

projects normalizations of 6 countries of South America. Brazil was not included in this 

research, but the presented seismicity specially in the North of the country, especially the 

region of Acre and Amazonas states, can be inferred using zoning data from neighboring 

countries. Figure 5 above shows this zonation. 
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Figure 5 - Seismic zonation of the North of Brazil. Taken from Falconi (2003) 

 

 

Considering this research and taking into account the geographic continuity between 

neighboring countries, the seismicity map of South America was consolidated by Santos and 

Souza Lima (2004). These same analysis were used to define the seismic zones to Brazil 

presented in the Brazilian Earthquakes Standard ( NBR 15421). 
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Figure 6 - Mapping of ground characteristic horizontal peak accelerations of Brazil for earthquakes on class B 

(“rock”). Taken from Santos and Souza Lima (2004) 

 

 

The Brazilian Earthquake Standard, NBR 15421 (2006) takes into account the higher 

seismicity of these regions, highlighting greater probability of earthquakes occurring in them. 

The NBR 15421 divides the Brazilian territory into zones, considering the return period of 

475 years, it means the probability of exceedance 10% in 50 years. The first is Zone 0 which 

has the characteristic acceleration for soil Class B ( rock ) of 0.025g and the last one is Zone 4 

with characteristic acceleration of 0.15g. 

It is notable the Brazilian territory is not free from earthquakes. Though the biggest 

frequency of earthquakes be at the interface between tectonic plates, earthquakes can occur 

anywhere in Brazil (which characterizes diffuse seismicity). Because of that, there are records 

of earthquakes in regions that are not in principle subject to earthquakes. 
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Although the Brazilian Southeast region is not one of the most seismic, it should 

receive special attention, because it is a highly populated region with a well-developed 

infrastructure. 

Considering the risk aspect, Jaiswal et al. (2014) sought to quantify South America’s 

seismic risk in terms of life risk and economic losses. Figures 7 and 8 present the risk in terms 

of economic losses and loss of life. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 - Probabilistic hazard map for economic losses in South America due to earthquakes .Taken from 

Jaiswal et al (2014). 
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Figure 8 - Probabilistic hazard map for life losses in South America due to earthquakes .Taken from Jaiswal et 

al (2014). 

 

 

It can then be observed that regions such as the Brazilian Southeast have a greater risk. 

This region has the risks from moderate to very high based on the map colors, both at risk of 

economic loss and of lives, which are higher than the Acre state with risks from none to very 

low, which is more exposed to strong earthquakes. A possible earthquake in the Southeast, 
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even if less pronounced, can generate greater losses than one in less developed and inhabited 

regions. 

The Brazilian region that contains the most data collected is the Southeast. This is 

because the region has several monitoring systems, on oil platforms, and in hydroelectric and 

nuclear power plants. Since most seismological studies are probabilistic, the more data 

available, the more accurate the analyses are likely to be. This thesis study will illustrate the 

probabilistic seismic hazard analysis with CRISIS program based on the Brazilian seismic 

catalog and data available for Southeast region. 
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3 PROBABILISTIC SEISMIC HAZARD ASSESSMENT 

 

The seismic hazard assessment developed in this study follows a probabilistic 

approach, as formulated by Cornell (1968) , that estimates the probabilities of exceedance of 

given levels of ground motion over a specific time frame and allows to properly take into 

account the uncertainties related to the determination of the location and magnitude of the 

earthquake, the process of occurrence of seismic events and the attenuation characteristics of 

the seismic motion. The computer code R-CRISIS, Ordaz et al. (1991), chosen to perform the 

hazard calculations for this study, uses Bayesian models of hazard analysis (Morgat and Shah, 

1979), and treats as random variables the regional seismicity parameters and the maximum 

magnitude. 

The inputs of the calculation include: (1) a seismic catalog that covers 292 years, 

homogenized to moment magnitude Mw and completeness periods discretization; (2) an area-

source model containing seismogenic zones, which are characterized with corresponding 

seismic parameters; and (3) ground-motion prediction equations (GMPEs), which have been 

identified from amongst existing models better able to reproduce the attenuation of the 

country. In addition, a simple logic tree is formulated in order to consider the epistemic 

uncertainty related with GMPEs. These aspects will be discussed in detail in the following 

sections. 

 

 EARTHQUAKE CATALOG 

 

A primary component of the PSHA model is the earthquake catalogue for the region. 

The seismic catalogue of this work contains records from 1724 to December 2016. It includes 

historic information published in specific studies and by different agencies. The principal 

source is the seismic catalog of the Brazilian Seismic Bulletin (BSB) that is elaborated by the 

Institute of Astronomy, Geophysics and Atmospheric Sciences of the University of São Paulo 

(IAG-USP). These official agencies directly give the moment magnitude scale, Mw, estimated 

from the empirical global correlation with the body wave magnitude, Mb. 

 

 𝑀𝑤 = [0.84 (±0.04) × 𝑀𝑏] + 1.03 (±0.23) (1) 
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The assembled working catalog has been ordered and thoroughly checked to exclude  

induced earthquakes and aftershocks. The final catalogue has 2124 epicenters in the Brazilian 

territory of earthquakes of magnitudes 2,7 to 6,3 occurred from 1724 to 2016. At this part of 

this study, the referred working catalog takes into account the seismic events around the 

whole territory of the country and not only on the Southeastern region, because, compared to 

other seismic active countries, Brazil does not have a great number of earthquake events and 

the results of the completeness steps become more reliable when considering all the events 

occurred since the year 1724. 

In order to continue the completeness of the working catalog, a visual-cumulative 

method is used and the earthquakes are grouped within classes of magnitude greater or equal 

to 3,0. The chosen classes of magnitude are based on the PSHA study done by Berrocal et al 

(2013), and their cumulative number of events are shown in Table 1. 

 

 

Table 1 - Number of cumulative earthquake events of each class of magnitude 

 

 

For each class of magnitude, the cumulative number of earthquakes is plotted as a 

function of time with a time interval of 50 years. The most recent periods of time have the 

cumulative number well approximated by a straight line and the changes of trend in the 

cumulative number of earthquakes identifies the periods of completeness. It is a practical but 

reliable method to find the completeness periods since the older is the catalog data, the scarcer 

and more uncertain the news about seismic events become. The following figures show the 

plots of cumulative number of earthquakes vs interval of time and the final definition of the 

completeness periods on Table 2. 

 

M Classes 

M ≥ 3.0

M ≥ 3.5

M ≥ 4.0

M ≥ 4.5

M ≥ 5.0

M ≥ 5.5

M ≥ 6.0

Cumulative Numbers 

1617

924

429

107

50

14

2
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Figure 9 - Identification of the completeness period for class of magnitude ≥ 3,0  

 

 

Figure 10 - Identification of the completeness period for class of magnitude ≥ 3,5 
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Figure 11 - Identification of the completeness period for class of magnitude ≥ 4,0 

 

 

Figure 12 - Identification of the completeness period for class of magnitude ≥ 4,5 
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Figure 13 - Identification of the completeness period for class of magnitude ≥ 5,0 

 

 

Figure 14 - Identification of the completeness period for class of magnitude ≥ 5,5 
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Figure 15 - Identification of the completeness period for class of magnitude ≥ 6,0 

 

 

 

Table 2 - Completeness Periods 

 

Brazil is not an active seismic zone, consequently the number of events in the history 

of the country with magnitude Mw ≥ 4,5 is low. Based on that, it is possible to notice that the 

classes of magnitude 5,5 and 6,0 cannot be approximated by a straight line. The completeness 

periods for these two classes were defined after a thoroughly revision of the articles done by 

Dourado (2013) and Assumpção et al. (2018), and based on the catalogue data of this study. 

The completeness periods from 3,0 up to 4,5 were taken from the graphics above and the 

completeness periods from 5,0 ,  5,5 and 6,0 were defined based on the catalogue data for this 

study and previous studies.  
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 SEISMIC SOURCE ZONES AND PARAMETERS 

 

The earthquake catalogue is unlikely to be a sufficient basis for defining the spatial 

distribution of future earthquakes. The Cornell method (1968), in its original formulation, the 

earthquakes sources were represented only as an areal zone or line zones (faults) that, based 

on geological, seismological and historical evidence, could be regarded as homogeneous; this 

means that each small portion of a zone can generate an earthquake of given magnitude with 

the same probability as any other portion of the same zone. The earthquakes are considered to 

“be equally likely at any location in the source zone and it is also assumed that recurrence 

rates, focal depth distribution, style-of-faulting and the maximum seismogenic potential are 

all constant across the seismic source zone.” ( Asumpção et al. , 2018).  

Considering from now on only the Southeastern region of Brazil, the region of this 

case study, the working catalog was filtered to consider only Rio de Janeiro, Minas Gerais, 

São Paulo and Espírito Santo states, in which there are 800 events with magnitude level from 

2,7 up to 6,2, showed in Figure 16. The city of Arraial do Cabo (22° 57′ 57″ S, 42° 1′ 40″ W), 

located in the Rio de Janeiro state, is the site for the evaluation of the seismic hazard. This 

choice is justified by the fact that Arraial do Cabo is an approximately baricentric position in 

defined seismic zones and is the easternmost city of the southeastern region, with important 

geographical location in relation to offshore activities.  

 

 

 



26 
 

 

Figure 16 - Earthquakes events of  southeastern Brazil from working catalog. Site of Arraial do Cabo city 

marked on the map with a star. 

 

 

 

This region, showed in figure 16 with the events of the working catalogue, was 

separated in three models of seismogenic zones for this study. Model 1) with unique seismic 

zone including Rio de Janeiro, Minhas Gerais, São Paulo and Espírito Santo states, and 

continental shelf; Model 2) with two zones, one seismic zone including the states of Rio de 

Janeiro, Minas Gerais, São Paulo and Espírito Santo, and another one including the 

continental shelf; Model 3) with three zones,  one seismic zone including Minas Gerais and 

part of Sao Paulo, one seismic zone considering the coastal part, which includes Espírito 

Santo, Rio de Janeiro and São Paulo , and one seismic zone for the continental shelf. The 

illustration of these seismogenic zones models for this study will be shown in the following 

section. 

Brazil does not have official seismogenic zones, the published papers about seismic 

hazard on the country have created zone models considering the most important economic 

states, an example is the word done by Hampshire and Lima (2008) describing the Brazilian 

standard for seismic design on the southeast region. This same idea is reproduced in this 
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study, considering the most important economic and populated region of the country. A 

geologic basis to define the seismic zones models was not applied because is conservatively 

considered that the seismicity of the southeastern is concentrated and is uniformly distributed 

in this area bounded by the red dots in figure 16. The goal is starting with a great seismogenic 

zone model and then subdividing it in smaller zones analyzing how it affect the R-CRISIS 

program results of probabilistic seismic hazard analysis. In other words, the idea is checking 

in how the size of seismic zone models affects the R-CRISIS results. 

After defining the vertices of the seismogenic zone cases, the next step is describing 

the relative frequency of occurrence of stronger events with respect to low to moderate 

events. Each seismic source zone can be described by a single frequency-magnitude 

relationship ν = ν(M) , where ν is the annual occurrence rate of earthquakes with magnitude ≥ 

M  and, hence, by a single magnitude distribution FM(m) typically truncated at lower (Mmin) 

and at an upper (Mmax) magnitude bound. The seismic activity of the source zone is quantified 

through Gutenberg and Richter, GR (1956) relationship: 

 

 

 log 𝜈 = 𝑎 − ( 𝑏 × 𝑀 ) (2) 

 

 

Where, a-value is the logarithm of the number of events with M ≥ 0 and consequently 

an indicator of the seismic activity; and b-value is a positive number which describes the 

slope of the generally linear relationship between log ν and M. 

 

Setting: 

 𝛽 = 𝑏 × 𝑙𝑛10 (3) 

 

 𝛼 = 𝑎 × 𝑙𝑛10 (4) 

 

 

 Then, the annual occurrence rate of earthquakes is computed as: 

 

 

 𝜈(𝑀𝑚𝑖𝑛) =  𝑒𝛼−𝛽×𝑀𝑚𝑖𝑛 (5) 
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The procedure to find these parameters for the GR relationship for each seismic source 

zone has the following steps: 

 

1)  The completeness analysis of the working catalog gave K completeness classes with 

their completeness period range, Tck , related  to year 2016: 

 

 

Table 3 - completeness classes with their completeness period range, Tck,  

according to the reference year 2016. 

 

2) Selection of a lower threshold mo: 

The minimum magnitude mo is chosen considering the engineering significance of an 

earthquake occurrence. For this case study the lower threshold is mo = 4,0. 

3) Subdivision of all M ≥ mo in intervals of equal ∆M. 

4) For each ∆Mi, take the value of Mi as representative. 

5) Computation of the number of earthquake events nik, within completeness class K, 

with magnitude belonging to interval ∆Mi; 

6) Computation of cumulative rates of occurrences for Mi rates of events with magnitude 

M ≥ Mi:  

 𝜈 =  Σ 
𝑛𝑖𝑘

𝑇𝑐𝑘
 

(6) 

 

 

7) Plot of the Mi values, of each ∆Mi, with corresponding cumulative rates of 

occurrences. 

 

 

 

Magnitude 
Completeness 

Period

Period Range 

( Tc )
2016

3,0 1980 36

3,5 1980 36

4,0 1960 56

4,5 1910 106

5,0 1888 128

5,5 1870 146

6,0 1850 166
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The temporal occurrence of earthquakes is commonly described by a Poisson model. 

This model provides a simple framework for evaluating probabilities of events that follow 

Poisson process, it means that yields values of a random variable describing the number of 

occurrences of a particular event during a given time interval. 

Under the assumption that a lower and an upper threshold exist, it means that if in the 

seismogenic zone there are no faults capable to produce an earthquake with magnitude M > 

m1, the probability distribution of magnitude can be easily shown to be: 

 

 
𝐹𝑀(𝑚) = 𝑃( 𝑀 ≤ 𝑚 | 𝑚0 ≤ 𝑀 ≤  𝑚1) =  

1 − 𝑒−𝛽(𝑚−𝑀𝑜)

1 − 𝑒−𝛽(𝑀1−𝑀𝑜)
 

 

(7) 

 

 

Considering that M ≥ mo and M ≤ m1. 

Therefore, the classical Gutenberg – Richter relationship for the earthquake 

occurrence rates is the basis for the standard description of a truncated exponential magnitude 

distribution and a Poissonian recurrence process, that is, independence between magnitude 

and interevent times. This approximation is satisfactory also when low seismicity areas are 

considered. This Poisson model provides a simple framework for evaluating probabilities of 

events that follow this Poisson process. 

The basic assumption in Cornell (1968) is that earthquake occurrences follow this 

Poisson process in time. The properties of Poisson process are: the number of occurrences in 

one time interval are independent of the number that occur in any other time interval; the 

probability of occurrence during a very short time is proportional to the length of the time 

interval and the probability of more than one occurrence during a very short time interval is 

negligible. The important implications about Poisson process are that there is no memory of 

the past earthquakes and the chance of an earthquake occurring in a given year does not 

depend on how long it has been since the last event, and the temporal occurrence distribution 

is independent of the magnitude distribution. 

Thus, the number of events of interest, Nt , in a time interval of t years is Poisson 

distributed as shown in equation 8. 
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𝑃(𝑁𝑡 = 𝑛) =  
(𝜐𝑡)𝑛 𝑒−𝜐𝑡

𝑛!
       𝑛 = 0,1,2 … 

(8) 

 

 

Consider now that earthquake events are Poisson arrivals with average rate ν and that 

each event has a probability p of being an event that generates a ground motion exceeding the 

limit y at a site of interest independently of the others. These events are Poisson arrivals with 

average νp (“random selection” property). Hence, the probability that the ground motion at a 

site exceeds n times y in t is: 

 

𝑃(𝑁𝑡 = 𝑛) =  
(𝜐𝑝𝑡)𝑛 𝑒−𝜐𝑝𝑡

𝑛!
       𝑛 = 0,1,2 … 

(9) 

 

 

Based in all these hypotheses and assuming a statistical independence among the 

different earthquake sources that contribute to the hazard, the number of events per year, λ, 

exceeding a specific shaking level y at a site, called annual frequency of exceedance, inverse 

of return period, can be written as:  

 

𝜆 ( 𝑌 ≥ 𝑦) =  ∑ 𝜈𝑖𝑝

𝐼

𝑖=1

  
(10) 

 

 

The following sections will show the computations to find the GR relationship and 

then the annual occurrence rate of earthquake for each the three cases of seismic source zones. 

The annual occurrence of events, the vertices of the seismic zone and the defined values of 

maximum and minimum magnitudes are the input for the seismic hazard analysis in the R-

CRISIS program. 
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Vertex Latitude Longitude

1 -25,01 -47,94

2 -18,60 -46,55

3 -20,12 -39,20

4 -24,86 -39,30

Arraial do Cabo -22,93 -42,04

SEISMIC  ZONE 1a

3.2.1 SEISMIC SOURCE ZONE MODEL 1 

This first seismic source zone model regards the entire Southeast region including the 

continental shelf. The states of Brazil belonging to the Southeast are Rio de Janeiro, São 

Paulo, Belo Horizonte and Espírito Santo. The vertices of this seismic source zone is shown 

in the figure below and it will be called zone (1a). The site Arraial do Cabo is represented 

with a star point. 

 

Figure 17 - Seismic source zone 1a 

 

 

 

 

 

 

 

 

Table 4 - Seismic zone (1a) and site coordinates 
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The lower threshold mo is 4,0 , however the procedure of finding the GR relationship 

will consider magnitudes greater or equal to 3,0 in an attempt to be as accurate as possible to 

find the straight line coefficients. The lower threshold will be used to compute ν(M), the 

annual occurrence rate of earthquakes, and as input for R-CRISIS analysis. 

All the magnitudes greater or equal do 3,0 were divided in equal intervals of ∆M = 

0,125 and for each ∆Mi was taken the central value of Mi as representative. The number of 

events belonging to interval of magnitude ∆Mi is nik and the cumulative rates of occurrences, 

νi , with magnitude M ≥ Mi, for each Mi is found as shown in equation (6). Table 5 below 

shows the values found of cumulative rates of occurrences and log10 νi for this first seismic 

source zone. 

 

 

Table 5 - Cumulative rates of occurrences and log10 νi for seismic source zone (1a) 

 

 

The plot of Mi values for each magnitude interval with corresponding logarithm of the 

cumulative rates of occurrence is shown in the figure 18. The annual frequency of earthquake 

or Gutenberg-Richter relationship is quantified by the linearization of the plot results, the 

straight-line coefficients are the parameters a and b shown in the equation (2). 

Mi ± ∆M ∆Mi log νi

3,0 ± 0,125 2.875-3.125 1,241

3,25 ± 0,125 3.125-3.375 1,073

3,5 ± 0,125 3.375-3.625 0,858

3,75 ± 0,125 3.625-3.875 0,607

4,0 ± 0,125 3.875-4.125 0,336

4,25 ± 0,125 4.125-4.375 -0,032

4,5 ± 0,125 4.375-4.625 -0,534

4,75 ± 0,125 4.625-4.875 -0,964

5,0 ± 0,125 4.875-5.125 -1,035

5,25 ± 0,125 5.125-5.375 -1,187

5,5 ± 0,125 5.375-5.625 -1,556

5,75 ± 0,125 5.625-5.875 -

6,0 ± 0,125 5.875-6.125 -0,000

0,109

0,092

0,065

0,028

0,000

7,215

4,043

2,169

0,929

0,293

νi = ∑ ( nik / Tck )

17,423

11,821
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Figure 18 - GR relationship to seismic zone (1a) 

 

 

On the table 6 is shown the final computation for the annual occurrence rate of 

earthquakes with magnitude ≥ 4,0. 

 

Table 6 - GR relationship parameters and final computation of  

annual occurrence rate of earthquakes. 

 

 

a

b

β = b. ln10

α = a. ln10

Mmin

ν0 (4,0) = 

11,794

2,824

4,0

log ν = -1.226M + 5.122

1,647

5,122

1,226

𝑒𝛼−𝛽×𝑀𝑚𝑖𝑛
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3.2.2 SEISMIC SOURCE ZONE MODEL 2 

The second model includes two zones, a continental portion and the continental shelf. 

One seismic source zone covering the states of Rio de Janeiro, Minas Gerais, São Paulo and 

Espírito Santo, shown in Figure 19 and called seismic zone (2a), and another one containing 

the continental shelf as in Figure 20 and called seismic zone (2b). 

 

Figure 19 - Seismic source zone model 2: continental portion , seismic zone (2a) 
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Table 7 - Seismic zone and site coordinates: continental portion 

 

 

Figure 20 - Seismic source zone model 2: continental shelf, zone (2b) 

 

 

Vertex Latitude Longitude

1 -14,37 -44,68

2 -18,63 -39,52

3 -21,96 -40,99

4 -22,93 -42,04

5 -23,1 -44,24

6 -25,28 -48,26

7 -22,11 -52,43

Arraial do Cabo -22,93 -42,04

SEISMIC  ZONE (2a) : continent part
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y = -1,2714x + 5,1851
-2

-1,5

-1

-0,5

0

0,5

1

1,5

2

0 1 2 3 4 5 6L
o
g
 ν

i

Mi

G-R relationship

 

Table 8 - Seismic zone and site coordinates: continental shelf 

 

 

The same procedure as explained before with the first model of seismic source is done 

here again for each seismic source zone (continental portion and continental shelf) and the 

final value for the annual occurrence rate of earthquakes with magnitude ≥ 4,0.  

The results of each computation step are plotted for the GR relationship and the final 

goal, the annual occurrence rate of events, will be shown by the following graphics and table 

below showing the results for the continental portion and for the continental shelf.  

 

Figure 21 - GR relationship of seismic source zone model 2- (2a) : continental portion 

 

Vertex Latitude Longitude

1 -19,93 -39,44

2 -19,9 -38,8

3 -24,94 -38,76

4 -27,8 -43,5

5 -25,93 -48,2

6 -23,85 -45,88

7 -22,93 -42,04

Arraial do Cabo -22,93 -42,04

SEISMIC  ZONE (2b) : continental shelf
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Figure 22 - GR relationship of seismic source zone model 2 – (2b): continental shelf 

 

Table 9 - GR relationship parameters and final computation of annual occurrence rate of earthquakes 

 

 

 

 

 

a

b

β = b. ln10

α = a. ln10

Mmin

ν0 (4,0) = 

1,271

0,426

2,928

11,939

4,0

1,257

2,358

8,578

4

log ν = -1.271M + 5.185 log ν = -1.024M + 3.725

3,725

1,024

Seismic zone (2b)

5,185

Seismic zone (2a)

𝑒𝛼−𝛽×𝑀𝑚𝑖𝑛
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3.2.3 SEISMIC SOURCE ZONE MODEL 3 

The third model of seismic zone for the analysis includes one seismic source zone for 

Minas Gerais state and part of São Paulo state, called by zone (3a), another one for the coastal 

part, which includes Espírito Santo, Rio de Janeiro and São Paulo states, called by zone (3b) , 

and one last source zone for the continental shelf called by zone (3c), the same considered in 

analysis of model 2. The representation of this third case of seismic souse zones for the 

continental portion with two seismic zones for analysis is shown in the figure 23 below and 

the vertices coordinates on the table 10. 

 

 

Figure 23 - Representation of seismic zones of model 3 -  the continental portion which are zones (3a) and (3b), 

green and black areas, respectively.  
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y = -1,2955x + 5,0284

-2

-1,5

-1

-0,5

0

0,5

1

1,5

0 1 2 3 4 5 6L
o
g
 ν

i

Mi

G-R relationship

 

Table 10 - Seismic zones and site coordinates of the continental portion  

 

The computation of cumulative rates of occurrences and the logarithm of these values 

for the two seismic source zones were done and the plot of Mi values for each ∆Mi with 

corresponding logarithm of the cumulative rates of occurrence is shown in figures 24 and 25.  

 

 

Figure 24 - GR relationship of seismic source zones model 3 – (3a) : including 

Minas Gerais and part of São Paulo 

 

 

Vertex Latitude Longitude Latitude Longitude

1 -20,89 -45,55 -17,77 -39,22

2 -17,68 -39,19 -20,38 -40,20

3 -23,97 -49,52 -22,93 -42,04

4 -21,70 -32,81 -23,41 -44,00

5 -25,05 -48,49

6 -24,12 -49,39

Arraial do Cabo -22,93 -42,04 -22,93 -42,04

Seismic zone (3a) - Green Area Seismic zone (3b) -  Black Area

SEISMIC  ZONES
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Figure 25 - GR relationship of seismic source zones model 3- (3b) : including part of São Paulo,  

Rio de Janeiro and Espírito Santo 

 

The straight-line coefficients from the Gutenberg-Richter relationship are the 

parameters a and b for the annual frequency of earthquakes events formula computed with the 

minimum magnitude 4,0. On table 11 below is possible to check the final values found for 

each seismic source zone from continental portion of model 3. 

 

 

Table 11 - GR relationship parameters and final computation of annual occurrence rate of earthquakes for (3a) 

and (3b) areas of the seismic zones from the continental portion 

 

 

 

a

b

β = b. ln10

α = a. ln10

Mmin

ν0 (4,0) = 0,532

log ν = -1.296M + 5.028 log ν = -1.275M + 4.826

Seismic zone (3a) Seismic zone (3b)

4,826

1,275

11,112

2,936

5,028

1,296

2,983

4,0

0,702

4,0

11,578

𝑒𝛼−𝛽×𝑀𝑚𝑖𝑛
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The model of seismic source zone analyzed in this chapter considers three zones, 

which two of them from the continental portion have already computed their parameters for 

the annual occurrence rate of events. The third zone considered in this case is the continental 

shelf, already computed in the previous chapter of this work study, called now by seismic 

zone (3c). The final parameters for the continental shelf are shown again on table 12 below. 

 

Figure 26 - Seismic source zone case model 3 – (3c) : continental shelf 

 

Table 12 - GR relationship parameters and final computation of annual occurrence rate of earthquakes for 

continental shelf 

 

a

b

β = b. ln10

α = a. ln10

Mmin

ν0 (4,0) = 

log ν = -1.024M + 3.725

3,725

1,024

2,358

8,578

4,0

0,426𝑒𝛼−𝛽×𝑀𝑚𝑖𝑛
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3.2.4 ANALYSIS OF G-R RELATIONSHIP FOR THE SEISMIC ZONE MODELS 

The Gutenberg–Richter relation for earthquake magnitudes is the most famous 

empirical law in seismology. It expresses the relationship between the earthquake magnitude 

and number of earthquakes per year of magnitude. The parameters a and b of this relation are 

important to describe the seismic zone. The a-value represents the total seismicity rate of the 

region and the b-value is crucial for evaluation of the earthquake occurrence probability, it 

quantifies the ratio of large‐to‐small earthquakes and is commonly close to 1,0 in seismically 

active regions. If  b < 1,0 , then the frequency of larger earthquakes is higher than the small 

and moderate ones, so it is defined as a high seismic danger area. 

The analysis done to find the GR relation for each seismic source zone in each defined 

model is summarized in the table below.  

 

Table 13 - Final parameters for each seismic zone 

 

With reason to these results, it is notable that b-value is greater than 1,0 but not higher 

than 1.5. This means that the frequency of smaller earthquakes is more usual than larger 

earthquakes, this describes the example of stable continents seismicity. The graphics with log 

ν and M show that the linearization of each plot results has a straight line with a more 

accentuated slope and not a more horizontal straight line as commonly in very active seismic 

areas.  

Finally, with all the parameters defined for each case of seismic source zones the next 

step for the R-CRISIS program input is the description of the ground motion attenuation, the 

computation of p = P ( Y ≥  y ) from equation (10),  generally performed using empirical 

ground motion equation models. The next chapter will explain the context behind the GMPEs 

and the selection of them. 

 

Model 1

SZ (1a) SZ (2a) SZ (2b) SZ (3a) SZ (3b) SZ (3c)

G-R relation log ν = -1,226M + 5,122 log ν = -1,271M + 5,185 log ν = -1,024M + 3,725 log ν = -1,296M + 5,028 log ν = -1,275M + 4,826 log ν = -1,226M + 5,122

a-value 5,122 5,185 3,725 5,028 4,826 3,725

b-value 1,226 1,271 1,024 1,296 1,275 1,024

β = b. ln10 2,824 2,928 2,358 2,983 2,936 2,358

α = a. ln10 11,974 11,939 8,578 11,578 11,112 8,578

ν0 = 1,647 1,257 0,426 0,702 0,532 0,426

Model 2 Model 3

𝑒𝛼−𝛽×𝑀𝑚𝑖𝑛
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 GROUND MOTION PREDICTION EQUATIONS 

 

The relationships that link a particular ground motion parameter with the quantities 

that control it are called ground motion prediction equations (GMPEs). Predictive 

relationships usually express ground motion parameters as functions of magnitude (M), 

source-to-site distance (R), site classification and other variables in some cases.  

The source-to-site distance can be interpreted in different ways. The hypocentral (Ryp) 

and epicentral (Repi) distances are the easiest to be calculated and represent the distance from 

the site to the hypocenter and its projection on the surface (epicenter). However, in 

earthquakes for which the length of fault rupture is large, the fault distance or rupture distance 

(Rrup) is more important and can be quite different from the hypocenter. Another commonly 

used distance metric is the Joyner and Boore distance (RJB) that represents the closest distance 

from the surface projection of the fault. 

 

 

Figure 27 - Definition of the distance metrics usually used in the GMPEs. Taken from Ilya Sianko et. 

al, 2019, A practical probabilistic earthquake hazard analysis tool: case study Marmara region. 
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The ground motion relationships are developed by regression analyses of recorded 

strong motion databases and the functional form of the predictive relationship id usually 

selected to reflect the mechanics of the ground motion process as closely as possible. The 

regression is performed on the logarithm of y , ground motion parameter of interest , because 

peak values of strong motion are approximately lognormally distributed. 

 

 y = f ( x ) 

 

(11) 

 

Where y is the ground motion parameter of interest ( peak ground acceleration; peak 

velocity; spectral ordinates ) and x is independent predictive parameters ( magnitude; 

distance; epicentral intensity ; site class ). 

 

Figure 28 - Ground motion parameters lognormally distributed.  

From Boore, Joyner and Fumal, 1997. 

 

A GMPE is typically of the form: 

 

 log 𝑦 = 𝑐𝑜𝑛𝑠𝑡 + 𝑓(𝑀) + 𝑓(𝑟, 𝑀) + 𝑓(𝑠𝑜𝑢𝑟𝑐𝑒) + 𝑓(𝑠𝑖𝑡𝑒) ± 𝜀𝜎 

 

(12) 

 

Where, M is the magnitude, r is a measure of the source-to-site distance and the error 

ε, or logarithmic residual, is an aleatory variable with zero means and standard deviation σ, 

which describes the uncertainty associated to the prediction. 
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Figure 29 - GMPE error normal distribution and deviation standard. Taken from engineering seismology 

course slides, Politecnico di Milano,2018. 

 

 

Through the attenuation relation, the probability that a ground motion parameter Y 

exceeds a certain threshold y for an earthquake of given magnitude m occurring at distance r 

from the site. Once fr (r) is known, the probability P [ Y > y ] for the entire seismic zone is 

completely defined by: 

 

 
𝑃(𝑌 > 𝑦 |𝑚, 𝑟) = 1 − 𝐹𝑌|𝑚.𝑟(𝑦) = ∫ 𝑃 [𝑌 > 𝑦 | 𝑅 = 𝑟]𝑓𝑟(𝑟)𝑑𝑟

𝑆𝑍

  

 

(13) 

 

Where FY|m,r(y) is the cumulative distribution function of Y, for specified m and r. With 

the hypothesis that homogeneous seismic zones are considered, it means that earthquakes are 

assumed to equally likely occur at any location of the source, then fr (r) depends on the shape 

of the seismic zone and the source-to-site distance. Finally, the probability of exceeding a 

ground motion level y at a given site can be written as: 

 

 
𝑃( 𝑌 > 𝑦) = ∭ 𝑃(𝑌 > 𝑦|𝑚. 𝑟, 𝜀)𝑓𝑀(𝑚)𝑓𝑟(𝑟)𝑓𝜀(𝜀) 𝑑𝑚𝑑𝑟𝑑𝜀 

 

(14) 

 

Where fM(m), fR(r) and fε(ε) denote the probability density functions of the magnitude, 

the distance and the error of attenuation equation respectively. 
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The “critical events” ( Y > y ) are Poissonian events with an annual occurrence rate: 

 

𝜐𝑦 = 𝜈. 𝑃[ 𝑌 > 𝑦] 

 

(15) 

 

The probability of occurrence of k critical events in t years will be given by: 

 

𝑃[ 𝑁𝑡 = 𝑘] =  
(𝜐𝑦. 𝑡)𝑘

𝑘!
 exp (−𝜐𝑡𝑡) 

 

(16) 

 

Considering Ya the maximum annual value of Y, it means the maximum acceleration 

in site per year, the probability distribution of Ya is computed allowing that in one year (t=1) 

the critical events is never exceeded (k=0).  

 

𝐹𝑌𝑎(𝑦) = 𝑃[ 𝑌𝑎 ≤ 𝑦] = 𝑃[𝑁𝑡=1(𝑦) = 0] = exp(−𝜐𝑦) = exp (−𝜐. 𝑃[𝑌 > 𝑦]) 

 

(17) 

 

The Equation 17 is a double exponential function and it is expected since the 

probability distribution of a maximum extreme value is variable typically as a Gumbel 

distribution. The return period of a critical events is therefore defined as: 

 

𝑇 (𝑦) =  
1

1 −  𝐹𝑌𝑎(𝑦)
  

 

(18) 

 

Unfortunately, there are no strong motion records available in Brazil to develop a 

ground motion model constrained with local data, or to calibrate foreign models with local 

data. For this reason, different GMPEs formulated for subduction and crust in other parts of 

the world are analyzed to select those that better fit with the tectonic environment in Brazil. 

The ground motion prediction equations are divided in two main families, those 

models that are used for active seismic continent regions (ASCR) and those for stable 

continent regions (SCR). The GMPEs adopted for this work study are Atkinson and Boore 

(2006) and Toro et al. (1997), they are two famous models for SCR like Brazil. 

The Atkinson and Boore (2006) model defined a ground-motion prediction equation 

for hard-rock sites based on a stochastic finite fault model for eastern North America (ENA). 

These equations are developed for response spectra, peak ground acceleration (PGA) and 

peak ground velocity (PGV) for hard sites in ENA. Besides that, Toro et al (1997) developed 
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ground motion attenuation equations for rock sites in central and eastern North America based 

also on the predictions of a stochastic ground motion model applicable for hard rocks.  

Based on the fact that southeastern Brazil can be approximated to the seismicity found 

in eastern North America as both are characterized as stable continent regions, these two 

GMPEs models presented above will be used on R-CRISIS analysis for each seismic source 

zone model defined previously.  

 

 

Table 14 - Description of the ground motion equations 

 

The GMPEs for stable continental regions are usually derived for very hard rock sites 

with the shear wave travel time averaged soil shear-wave velocity of the upper 30m, vS30 , 

ranging between 2000 and 2900 m/s with the exception of Atkinson and Boore [2006] who 

provide GMPEs for vS30=760 m/s. The distance range is the horizontal value of the shortest 

distance from a site to the fault rupture, Rrup, and the Joyner-Boore distance, RJB. 

 

 TREATMENT OF UNCERTAINTIES IN PSHA 

 

There are two types of uncertainties that exist in earthquake hazard analysis: aleatory 

and epistemic uncertainties. Aleatory uncertainty represents the natural randomness in a 

process, while epistemic uncertainty is the lack of knowledge introduced in a model that tries 

to represent an actual behavior. 

In PSHA analysis, the standard deviation of GMPEs can be used to deal with aleatory 

uncertainty. Epistemic uncertainty can be addressed with a logic tree, in which weights are 

applied to the branches to reflect confidence in given options (Atkinson and Boore 2006; Toro 

et al. 1997). It should be noted that logic trees can be used to include different hypotheses in 

Reference 
Magnitude 

Range

Distance Range 

(km)
Period Range (s)

Site 

classification 

vs30

Atkinson and 

Boore (2006)
Mw = 3.5 - 8.0 Rrup = 1 - 1000 0.01 - 5.0 , PGA

2000m/s and 

760m/s

Toro et al. 

(1997)
Mw = 5.0 - 8.0 RJB = 1 - 1000 0.00 - 2.0, PGA 2800m/s
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PSHA as they are often used for altering recurrence rates of faults, geometry of seismic 

source zones, and characteristic magnitudes. 

In this work study, the GMPEs proposed by Atkinson and Boore (2006) and Toro et 

al. (1997) are employed to calculate the earthquake hazard in terms PGA and SAs. To treat 

epistemic uncertainty, a logic tree is used, allocating weights for each case of seismic source 

zone model and weights of 0,6 and 0,4 to each branch for the GMPEs of Atkinson and Boore 

(2006) and Toro et al (1997), respectively. Higher weights are given to Atkinson and Boore 

(2006) equation because such model considers a magnitude range that better describe the 

working catalogue of this study. Seismic zone models 2 and 3 have higher weight because 

their division of the southeastern territory is more discretized, based on the fact that the 

GMPEs is directly influenced by shape of the source zone. 

 

Figure 30 - Logic tree for the GMPEs chosen and each seismic zone model. 

 

 

Finally, with all the parameters defined for each case of seismic source zone, the 

ground motion prediction equations selected and the logic tree with their weights, it will be 

possible to estimate the seismic hazard for southeastern Brazil using the software R-CRISIS. 
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4 R-CRISIS PROGRAM APPLICATION 

 

The software R-CRISIS computes seismic hazard using a probabilistic analysis that 

considers earthquake occurrence probabilities, attenuation characteristics and geographical 

distribution of earthquakes. The earthquake occurrence can be modeled as a Poissonian 

process in the software with magnitude-frequency relation by the Gutenberg-Richter law. The 

source geometry is modeled as areas, lines or points. R-CRISIS admits three families of 

ground motion equations: attenuation tables furnished by the user, built-in parametric models 

and generalized attenuation models. The two GMPEs selected for this study, Atkinson and 

Boore (2006) and Toro et al (1997), are already defined in the software and can be selected 

directly during the input steps. 

The software discretizes the source zones into elements of appropriate size, whose 

seismicity rate is redistributed proportionally to their size. For each discretized element the 

exceedance probability is evaluated. The probabilities for all magnitudes and sources are then 

accumulated in order to compute the overall exceedance probabilities. 

The calculations are made for points of a grid that cover all the territory, with a 

separation of 0,1° both in longitude and latitude. Results are obtained for PGA and SA (T) 

starting from T = 0,01s up to T= 2s and for return period of 475 years. 

 SOFTWARE INPUT 

 

The first step for the probabilistic seismic hazard analysis with R-CRISIS is defining 

the data of the computation site. To define the site of Arraial do Cabo in the program is 

necessary to provide the name, the origin coordinates, the increment in degrees for orthogonal 

directions and de number of lines for the grid, because when hazard maps are required as 

output of the PSHA, the computation site need to be defined in terms of a grid. 

The next definitions are the source zones geometry data. The geometry model for this 

study is area source and the vertices coordinates must be provided as initial definition of the 

geometry. The depth of each vertices needs also to be provided and considering the stable 

continent region, the value of 25km is a reasonable choice.  
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Figure 31 - Source zone geometry data as R-CRISIS input for the seismic source zone 1a 

 

 

The Figure 31 shows the input for the seismic zone model 1a as an example. The same 

procedure is done for all the seismic zone models with their vertices already defined in the 

previous chapters of this study. In order to facilitate the verification of the location of the 

seismic sources, a reference map of the southeastern region of Brazil is uploaded. For the 

models that have more than one seismic source zone is possible to add a new source and 

provided its vertices as well. The depth of 25 km was considered for all the models. Besides 

that, the rupture parameters (K’s) define the size of the rupture area and was provided by the 

built-in models of the program. 

The next definition are the seismicity parameters. All the seismic sources zones in the 

R-CRISIS project need to be assigned seismicity parameters. This study is based on the 

Gutenberg-Richter law and must be assigned the threshold magnitude (Mo) for the selected 

source, the average annual number of earthquakes with equal or higher magnitude than M0, 

the b-value for the source, the coefficient of variation of the b-value, the number of 

magnitudes and the expected value of the maximum magnitude for the source. 
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Figure 32 - Seismicity data input related to the seicmic source zone model 1a 

 

 

There are equal parameters for the three models of seismic source zones. The lower 

threshold magnitude is 4,0 as already defined considering the engineering significance of an 

earthquake occurrence. The coefficient of variation of b-value is defined in terms of the 

natural logarithm and this value is to consider the uncertainty in β. Based on the values found 

for each case of seismic source zone, the value of the coefficient of variation of β was 

calculated and it is 0,3. The number of magnitudes is related to the one used in the hazard 

integration process and is usually 9, smaller number for this parameter is rarely used.  

Another parameter that is common to all the seismic source zones is the expected 

value of the maximum magnitude. The working catalog for this study has one event with the 

highest magnitude found and it is M = 6,1. Considering a possible range of ±0,5 , the 

expected value of the maximum magnitude is Mu= 6,6. Finally, the last parameter is the 

uncertainty range, a number that indicates that the maximum magnitude will have a uniform 

probability density function, centered at its expected value. Based in other PSHA, the value of 

this uncertainty range is considered ± 0,25 in this study.  
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Table 15 - Parameters of each seismic source zone for seismicity input of R-CRISIS 

 

 

The fourth step of the input for the PSHA on R-CRISIS is the definition of the 

attenuation data. The two ground motion prediction equations for this study are Atkinson and 

Boore (2006) and Toro et al. (1997) and they are already defined as an option of attenuation 

data to the R-CRISIS project. 

 

 

Figure 33 - Attenuation model selection for R-CRISIS input 

 

SZ models M0 v 0 (M0) β
Coef. 

Variation β

Number 

of Mag.
Mu

Range of 

Mu

SZ(1a) 4,0 1,647 2,824 0,3 9 6,6 0,25

SZ (2a) 4,0 1,257 2,928 0,3 9 6,6 0,25

SZ (2b) 4,0 0,426 2,358 0,3 9 6,6 0,25

SZ (3a) 4,0 0,702 2,983 0,3 9 6,6 0,25

SZ (3b) 4,0 0,532 2,936 0,3 9 6,6 0,25

SZ (3c) 4,0 0,426 2,358 0,3 9 6,6 0,25
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The Figure 34 shows the selection of the Atkinson and Boore (2066) GMPE for the 

seismic source zone model 1a. The software gives a brief description of the GMPE in the 

bottom of the screen. The reference ground type for the southeastern Brazil is hard rock, the 

sigma truncation is the standard deviation as ground motion parameters are lognormally 

distributed. An overall description of the GMPE selection on R-CRISIS is shown in Figure 

35. The same procedure is done when the analysis is done with Toro et al. (1997) attenuation 

equation. 

 

Figure 34 - Attenuation data input of R-CRISISS software 

 

 

The next input are the spectral ordinates. It is necessary to define the number of 

spectral ordinates and their associated fundamental periods. For this study it was defined to 

use total number of 50 acceleration spectral ordinates, varying from the lower limit of 0.01g 

intensity level until upper limit of 2g intensity level. These limits are for the computation of 

the exceedance probabilities within the defined timeframe. The spacing type of the 

exceedance probability plot at each location is the logarithmic spacing between these intensity 

points. Besides that, all the spectral ordinates are defined in terms of the unit g. 
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Figure 35 - Intensities for each spectral ordinate for R-CRISIS input 

 

 

Finally, the last data that must be defined to start the analysis are the global 

parameters. The reference of the structure lifetime, it means the time frame, is defined for 50 

years. This study is considering a return period of 475 years, since the Brazilian Standard 

15421 (NBR 15421) defines that the values to be defined as characteristic nominal for seismic 

actions are those with a 10% exceedance probability in the unfavorable direction, over a 

period of 50 years, which corresponds to a return period of 475 years. However, the R-

CRISIS allows only the following possible return periods shown in Figure 36. Because of 

that, the approximation of a return period of 500 years is being considered.  
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Figure 36 - Global parameters for the PSHA analysis 

 

 

Considering a return period of 475 years (Tr = 475 years) and a reference lifetime 

structure of 50 years (Vr = 50 years), the probability that a critical event occurs in Vr years 

can be refined as the following equation.  

 

𝑇𝑟 =   
−𝑉𝑟

𝑙𝑛 (1 −  𝑃𝑉𝑅)
  

 

Applying the values defined before, the probability PVR is 0,1. 

(19) 

 

These are the important steps for R-CRISIS input computations. After running the 

program for each one of the 6 analyses, the PSHA graphics results can be checked. The three 

models of seismic source zones defined in this study were analyzed in terms of the two 

GMPEs selected, Atkinson and Boore (2006) and Toro et al. (1997). Consequently, there are 

6 graphics of 50-year exceedance rate curves for T=0,01s and 6 graphics of uniform hazard 

acceleration response spectra for 0.10-in-50-year exceedance probability, it means, for a 

return period of 475 years, resulting from the indicated GMPEs. 
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 R-CRISIS ANALYSIS RESULTS 

 

In the following figures it will be possible to compare the results found for each of the 

total six analyses done. The logic tree was defined to capture the inherent uncertainty in the 

GMPEs. The city selected to present specific results is Arraial do Cabo, located in Rio de 

Janeiro state. This choice is justified by the fact that Arraial do Cabo is the easternmost city of 

the southeastern region, with important geographical location in relation to offshore activities. 

The following figures show the seismic hazard maps as R-CRISIS output for three of the 

seismic source zone models and each GMPE selected for these PSHAs. The reference site 

Arraial do Cabo is the central point of the 3x3 grid. 

 

 

 

 

Figure 37 - Seismic Hazard Map for seismic source zone Model 1 using Toro et al. (1997) GMPE. 

 

 

 

 

 

 

 

 



57 
 

 

 

 

Figure 38 - Seismic Hazard Map for seismic source zone Model 2 using Atkinson and Boore (2006) GMPE 

 

 

 

 

Figure 39 - Seismic Hazard Map for seismic source zone Model 3 using Atkinson and Boore (2006) GMPE 
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Southeastern Brazil has been analyzed before in terms of PSHA by Dourado (2013), 

Berrocal et al. (2013) and Assumpçao et al. (1997) , and based on these studies, the common 

acceleration found is 0,025g for a return period of 475 years. Consequently, starting from the 

point of view that they are reliable studies, and considering that Atkinson and Boore (2006) is 

the GMPE that best describes the scenario for a PSHA analysis in southeastern Brazil, the 

seismic model with 3 source zones, Figure 39, is the best approximation. The seismic source 

zone model 3 using Atkinson and Boore (2006) equations results in an approximated 

acceleration of 0,022g.  

The next figures below show graphics with the 6 analyses done in terms of exceedance 

curves with probability in 50 years and the response spectra with periods in seconds and the 

acceleration intensity in g. 

 

 

Figure 40 - 50-years exceedance rate curves for T=0.01s Sa spectrum ordinates contributed by 

different seismic source zone models and GMPEs 

 

 

The results illustrate that, for PSHA done with the GMPE of Atkinson and Boore 

(2006), the exceedance probability in 50 years, considering an acceleration of 0,02g , i.e. a 

substantially lower value than when GMPE of Toro et al. (1997) is used. These lower values 

are expected since, for stable continent regions like Brazil, the exceedance probability of a 

seismic event is definitely low, and this can be compared to previous studies.  
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Figure 41 - Uniform Hazard acceleration response spectra for 0.10-in-50 year exceedance probability for each 

seismic source model and GMPEs selected 

 

The response spectra are important R-CRISIS outputs in order to have a better 

engineering grasp of the implications of each analysis done. It is notable that for all the 

analyses done with the GMPE of Toro et al. (1997) the values are considerably higher. This 

may be explained by the fact that this equation has a valid magnitude range from 5,0 to 8,0, 

really high values for a SCR like southeastern Brazil which has a working catalog with events 

starting from Mw = 2,6. Besides that, the type of distance metric is the Joyner and Boore 

distance (RJB). In contrast, the Atkinson and Boore (2006) is an improved model for stable 

continents with a valid magnitude range from 3,5 to 8,0 and the fault distance or rupture 

distance (Rrup) as the type of distance metric.  

The attenuation equation is directly related to the shape of the seismic zones and the 

source-to-site distances, it means the distance metric. Consequently, the model 3 defined in 

this study with 3 seismic source zones has a more discretized solution, because the continental 

shelf , the coastal part and Minas Gerais state have different behaviors, based on the working 

catalog. That is the reason why the third seismic source model defines these three zones.  

It is difficult to have the perfect seismic scenario characteristics of Brazil without a 

specific GMPE for the country. Therefore, the use of these two GMPEs is to have the best 

approximation of the reality and comparing with previous studies. This study found that, 

considering the model with 3 seismic source zones and a PSHA done with Atkinson and 

Boore (2006) as attenuation equation, the result is the most reliable one.  



60 
 

5 STRUCTURE EXAMPLE APPLICATION 

 

The first part of this work was making a probabilistic seismic hazard analysis on a site 

in southeastern Brazil with R-CRISIS program in order to get the acceleration response 

spectrum. The logic tree approach was applied to the treat epistemic uncertainties of a PSHA, 

weights were defined for each case of seismic source zone model and weights of 0,6 and 0,4 

to each branch for the GMPEs of Atkinson and Boore (2006) and Toro et al (1997), 

respectively. The logic tree analysis was done with R-CRISIS program and an acceleration 

response spectrum was computed for returns periods of 475 years and 2475 years.  

The proposal now is applying this acceleration response spectrum in a theoretical 

concrete building structure as a dynamic loading for a structural analysis with the program 

ROBOT, an Autodesk software. The aim of this structural analysis is getting the stresses of a 

central column caused by the self-weight of the building and the seismic acceleration with a 

return period of 475 years and 2475 years, this last one based on the guidelines of the 

Brazilian Standard – NBR 15421. The goal of this analysis in to show the values for bending 

moments and displacements of this column.  

In addition, a second structural analysis will be computed considering, this time, the 

self-weight of the building and a wind force, as a static loading. Furthermore, values for 

bending moments and displacements of the same column will be made.  

In Brazil is not common to consider seismic dynamic forces in residential or 

commercial buildings. Therefore, the goal of these two analyses is to compare the stresses and 

displacements found for each loading situation and discuss the critical scenario that may 

happen with a potential seismic event occurrence in comparison with the scenario with only 

wind forces acting. Both wind and seismic events, among the environmental actions on civil 

structures, present an important destructive potential, being responsible for a lot of material 

loss, and, in some cases, for the loss of human life. 

The next sections will present the spatial model of the building applied into ROBOT 

software. The three analyses defined in the previous paragraph are the three separate inputs in 

the program, one considering the wind force in y+ direction, another one with the acceleration 

response spectrum with return period of 475 years and the last one with the return period of 

2475 years. Following this, the results will be discussed based on the bending moment and the 

displacements of a central column of the building.  
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 PRESENTATION OF THE SPATIAL MODEL 

 

The concrete structure is an 8 storey residential building. In this case, it is a system 

with multiple degrees of freedom, which makes essential the use of a computational software 

to define the structure response under dynamic and static loadings. A 3D model is used with 

336 bars elements and 4913 structural nodes. The columns were fixed at their bases to 

simulate reinforced concrete foundation blocks. 

In order to complete the model of the building, we considered the generic self-weight 

load given directly by the software, linear masonry wall loads defined in the Brazilian 

standard - NBR 6120 - of 2,25 kN/m², wall cladding loads of 1,00 kN/m² and usage and 

occupancy loads also defined in NBR 6120 of 1,5 kN/m² for dormitories and 2,00 kN/m² for 

laundry and service areas. 

The results will be analyzed with reference to a central column of the building, the 

column P11. The loading cases defined for the analysis have the wind and the seismic loads 

as primary actions. The values found for bending moment and displacements of this column 

under wind force and dynamics seismic forces will be discussed. 

Figure 42 - 3D model of the concrete building in ROBOT software 
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Figure 43 – Plan  of the fifth storey of the building 

 

 

The first analysis that will be carried out is the one considering only the self-weight, 

the usage and occupancy loads and the wind force as a static loading. The location of this 

example of structure is in the site of Arraial do Cabo city, the same used for the probabilistic 

seismic hazard analysis. Then, following the Brazilian Standard about wind forces in 

buildings (NBR 6123), is possible to determine the force caused by the wind in kN/m² based 

on basic wind speed, roughness of the terrain, dimensions of the building and statistics 

factors. Therefore, it was applied in the 3D model a static loading of 1,5kN/m² in y-y 

direction of the building, the side of the largest building façade to quantify the wind forces. 

The results will be presented in the following section. 

The seismic analysis of a structure is the response analysis of this building when it is 

required by a movement in the base acted by a seismic event. It was considered two cases of 

seismic analyses through the acceleration response spectra for 475 years and 2475 years 

determined though the logic tree analysis. The accelerations were applied in a horizontal 

direction that corresponds to the model direction y+, the same considered for the wind action. 



63 
 

Figure 44 - Acceleration response spectrum for 475 years ( left ); Acceleration response spectrum for 

2475 years (right). 

 

 

 

 RESULTS ANALYSIS 

 

The input data was defined for ROBOT software and the three analyses results could 

be checked. According to the table 16, it can be noticed that bending moment reaction in y 

direction at the base of the column P11 is higher when a wind loading is considered than 

when a seismic event occurs for a return period of 475 years. This is a reasonable result as the 

building is in a stable continent region and the wind force is a much more significant force 

than a seismic event with acceleration of 0,0215g. This acceleration action when compared 

with the wind force has lower structural response effect. 

 

Table 16 - Bending moments values at the base of the column P11 in Y direction. 

 

 

Wind Sismo Tr=475years Sismo 2475years

316,40 165,31 413,92

Bending Moment at the column P11 base (kNm)
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However, when the response spectrum for 2475 years return period is considered, 

there is a different scenario, the peak acceleration now is 0,0509g. This seismic event presents 

a higher bending moment reaction at the base of the column P11. It can be explained by the 

fact that the accelerations are two times higher than before and consequently, this seismic 

event is stronger than a wind occurrence. 

In relation to the displacements of the structure on each storey, analyzing the results 

after running the software, it can be concluded that for an 8 storey building, displacements are 

high and cannot be disregarded when a seismic event for a return period of 2475 years is 

considered.  

 

 

 

 

 

Figure 45 - Displacements along the height of the building in Y Direction 

 

 

 

On the top of the column P11, at 24 meters from the building base, it can be noticed 

that the wind action can cause a displacement around 5,4cm while a seismic event with a 

return period of 2475 years there is a considerable displacement of 6,7cm and with a return 

period of 475 years the value can reach almost 3,1cm. 
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Based on these results, even if the probability of occurrence of an earthquake in 

southeastern Brazil is low, a seismic event with a return period of 2475 years will cause 

unexpected damages. This is an important analysis to show how considerable a seismic event 

should be when a structural design is being done. Even if seismic analysis is not mandatory 

for residential and commercial building in southeastern Brazil, these results from ROBOT 

software show that seismic events can also cause damages and losses when compared with the 

wind action. The probability of occurrence is low but is not null and would be impactful. 
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6 CONCLUSIONS 

 

A site specific probabilistic seismic hazard analysis has been performed for the city of 

Arraial do Cabo, located in the seismically calm region of Southeastern Brazil. The study was 

undertaken to achieve response spectra results with R-CRISIS program and compare with 

previous studies. This software is worldwide recommended for seismic hazard analysis 

specially in active seismic continental regions, therefore reliable results were expected when 

stable seismic region is been analyzed.  

Unfortunately, the limited earthquake catalogue for the entire country and the lack of 

strong motion recordings inevitably means that there was considerably epistemic uncertainty 

in both seismic source and ground-motion characterization models. These uncertainties were 

captured through a logic-tree formulation with six branches, each one for different seismic 

source zones geometry and the selected ground motion prediction equations. The weights for 

each branch analysis of the logic-tree were defined based on how much each of the two 

GMPEs would represent the seismicity scenario of southeastern Brazil.  

The results show that the generated hazard maps compare well with results from 

recent PSHA studies. The peak ground acceleration of 0,022g found for the third seismic 

source zone model, the most discretized one with reason to the region of the site, based on the 

ground motion prediction equation of Atkinson and Boore (2006) is what was expected, 

confirming the reliability of the analysis with R-CRISIS software.  

The purpose of the deterministic analysis in a practical structural analysis in a 

reinforced concrete structure was to quantify in numbers the stresses caused by a seismic 

event in an ordinary residential building in southeastern Brazil. Concerning to have a starting 

point for comparing results, the wind loading was included, as this is a mandatory loading to 

be considered in a structural analysis, especially in coastal cities like Arraial do Cabo. 

Consequently, it became notable that a seismic event with a return period of 2475 years would 

cause greater bending moments reactions and nodes displacements in a structure. 

Besides the fact that Brazil is a seismic stable region and the return period of 2475 

years of the acceleration response spectrum analyzed is vast, the results show that 

probabilities are not null at all and as well as economic losses can happen, life losses must be 

considerable also. There is consequently strong motivation to invest in seismic hazard studies 

in Brazil. This study results may have different applications and can serve as input for future 

seismic risk studies and structural analyses considerations.  
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