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Abstract 

Seismic hazard causes a considerable portion of loss in many countries annually and thus is of 

high importance. Seismic hazard and its consequences, known as seismic risk, have been 

studied in the fields of geology, earthquake engineering and structural engineering in the 

framework of probabilistic seismic hazard analysis (PSHA). PSHA could be simply defined as 

the probability of occurrence of an earthquake characteristic (e.g., PGA), considering 

uncertainties namely magnitude, location and their resulting ground motion specified by 

ground motion prediction equation (GMPE). The final output of PSHA is the rate of exceeding 

specific intensity measure (IM), and could be expressed in terms of return period exceedance. 

For structural design purposes, for a given probability and structureôs design life, the seismic 

hazard could be stated in terms of return period TR, which is commonly applied in current 

design code (e.g., Eurocode 8).  

The above-mentioned explanations of return period of exceedance are based on the Poisson 

relationship between time and earthquake which assumes that the probability of an earthquake 

occurring remains unchanged by elapsing time. In the recent decades, however, it has been 

claimed that earthquake occurrence could be expressed through time-dependent models which 

means that elapsing time since the last earthquake affects its occurrence probability.  

This research focuses mainly on the effect of time-dependent seismic hazard on structural 

design, by evaluating the strength required by the structure (seismic capacity) for different time 

intervals elapsing from the last event. ñSeismic capacityò is defined as the capacity required to 

provide a fixed failure rate. Two different seismic scenarios (i. e., a point source and a 

combined source including area and line source) have been investigated and results concerning 

different site-to-source distance, capacity dispersion of the structure and different recurrence 

properties of the time-dependent source have been discussed. The results obtained from the 

analyses highlight a significant influence of time-dependent hazard properties on the structural 

capacity required to attain a target reliability, and give evidence to the different roles played by 

the parameters considered in the analysis. 

Moreover, in order to deeper investigate the effect of time-dependent seismic hazard on 

structural design, the influence of soil classification, period and the GMPE implemented in the 

analysis have been assessed and the results discussed extensively. The analysis outcomes 

illustrate the remarkable impact of soil and period on structural response as well as the 

importance of appropriate GMPE used for the time-dependent seismic hazard.  
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Furthermore, machine-learning (ML) based models have been proposed for deriving fragility 

curves of buildings. Generating fragility curves is a critical key step in the Performance-Based 

Earthquake Engineering (PBEE) framework which is generally time-consuming. The accuracy 

of the quick accurate models proved the high reliability of ML-based techniques for obtaining 

fragility parameters namely dispersion and median. The developed ML-based prediction 

models could be used for estimating capacity (both time-dependent and time-independent 

cases) in further studies.      
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1 Research background, motivation, objectives and organization 

 

 

 

1.1 Definitions 

Definition of the frequent used terms in this thesis are provided in this subsection. The main 

terms are stochastic processes, counting process, interarrival and waiting time, memory, 

recurrence interval, return period: 

¶ Stochastic processes: a stochastic process could be defined as a system in which there 

are observations at certain times, and that its target outcome, that is, the observed value 

at each time is a random variable (Blomberg 2006). The fundamental concepts of 

stochastic processes are based on generating (pseudo) random numbers and the 

sequences of uniform random number provided by computer routines is an example of 

stochastic process (Slepchenko & Loew 2010, Ferrari 2001).  

¶ Counting process: a counting process is a type of stochastic process with non-negative, 

integer, and increasing values. The most common application of a counting process is 

to count the number of occurrences of some event of interest by elapsing time (time-

dependent events), and therefore the values are usually chosen non-negative real 

numbers [0, Ð). It is worth explaining that in the general form, negative values R = (īÐ, 

Ð) are also commonly used) (Olofsson 2006). 

¶ Arrival / arrival time: the appearance of seismic energy on a seismic record is known as 

arrival while the time at which a particular wave / phase arrives at a station or detector 

is defined as arrival time.  

¶ Recurrence Interval: the approximate length of time between earthquakes in a specific 

seismically active area. 

¶ Recurrence interval (or return period): the average time span between earthquake 

occurrences on a fault or in a source zone is called recurrence interval (or return period). 
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1.2 Background 

One of the main concerns in earthquake engineering is to provide structural engineers with 

parameters which lead to a desire level of structure performance in a given ground shaking 

level. But there are always uncertainties in various factors including location, size and resulting 

shaking intensity of future earthquakes. Probabilistic seismic hazard analysis (PSHA) is used 

to provide a description of the future shaking by quantifying and combining mentioned 

uncertainties (Baker 2008).  

The outcomes of PSHA could be used for determining return period of exceedance which is 

defined as the probabilities of exceeding a given ground motion intensity within a specified 

time interval for a given rate of exceedance. Currently the Poissonian model is used for 

simulating exceedance probability which assumes that an earthquake occurrence probability 

remains constant by elapsing time since the last event.  

In the view point of structural design, the probability of a ground motion level within a given 

design life of a structure is considered. As a result, the seismic hazard could be also expressed 

in terms of return period (TR), specifically in design codes and provisions (e.g. Eurocode 8) 

(Shahbazi et al. 2018). 

Models which are used in PSHA are generally divided into two main categories: time-

independent and time-dependent models. It should be taken into account that both time-

dependent and time-independent models are based on the ñcharacteristic earthquake modelò 

(magnitude-frequency characteristic of earthquake occurrence) which assumes that the seismic 

activity on a given segment should be dominated by earthquakes of similar characteristics that 

recur at somewhat regular intervals. Both of them also require moment-balanced models which 

are consistent with the global plate rate models and slip rate determined on individual faults 

(Peterson et al. 2007). 

One of the most well-known time-independent models which is mostly used by earthquake 

engineers is Poisson models (Eq. 1.1). 

() /1
Rt T

T

R

f t e
T

-=   (1.1) 

where RT  is the return period. In Poisson models the time elapsed since the last earthquake is 

not considered. It should be taken into account that they can be used for small earthquakes 

because they do not model large earthquakes on specific faults properly (Jalalalhosseini et al. 
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2017). Poisson models are appropriate for sites with a single source where the time since the 

last earthquake is more than the meantime interval and the source has strong characteristic time 

behaviour (Mousavi and Salehi 2018). 

On the other hand, non-Poisson models which are also known as renewal time-dependent 

models, are appropriate for large earthquakes (Jalalalhosseini et al. 2017). Results of time-

dependent models are broadly consistent with the elastic rebound theory of earthquakes. 

Parameters including static elastic fault interaction, visco-elastic stress transfer and dynamic 

stress changes from earthquakes on close faults may affect the results of time-dependent 

earthquake probability. But the most important factor is the time elapsed since the last event 

(because of stress increment on fault) (Petersen et al. 2007). 

The distributions which are commonly used in renewal models are normal, lognormal, gamma 

and Weibull distributions. It is noteworthy that  

¶ Lognormal distribution is appropriate for model inter-event time distribution for large 

earthquakes. 

¶ Normal distribution is not appropriate sometimes since it should be truncated at t=0 due 

to impossibility of negative inter-event time (Hebden and Stein 2009). 

¶ Gamma distribution is recommended as a probability model for waiting time (Bak et 

al. 2002).  

¶ Lognormal or Gamma distribution are recommended for a probabilistic treatment of 

crustal rapture time (Estera 1970).   

¶ The Weibull distribution function is commonly considered for the PDF of inter-event 

time (Hagiwara 1974).  

One of the models which has attracted researchersô attention to properly describe the 

probability distribution of inter-event time is Brownian Passage Time (BPT) (Matthew et al. 

2002). 

In the BPT model, which has been proposed to describe the probability distribution of inter-

event time (Matthew et al 2002), earthquake occurrence is assumed to have periodicity 

(Jalalalhosseini et al. 2017). 

In fact, in the BPT model, which is based on Brownian relaxation oscillator, the load state 

increases steadily by elapsing time, reaches a failure threshold and relaxes instantaneously back 
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to the ground level. BPT is defined by two parameters: ɛ and Ŭ, which are mean time (or time 

between earthquakes) and aperiodicity of meantime, respectively. Ŭ is the coefficient of 

variation: Ŭ=1 refers to irregular Poissonian behaviour and Ŭ=0 refers to periodic behaviour 

(Matthew et al. 2002).  

The probability density function for BPT model is given in Eq. (1.2): 
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where RT  is the return period and ais the aperiodicity of the interarrival time. As it was 

mentioned before, by decreasing Ŭ, the hazard function increases whilst it becomes Poisson-

like when Ŭ increases (=1) (Jalalalhoseeini et al. 2017). Hazard function provides the 

instantaneous probability of occurrence at the time t, given that no event had occurred 

previously, and describes the hazard variation in time (Eq. 1.3). 
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where ( )TF t  is cumulative distribution function (CDF). According to Nishenko and Buland 

(1987) lognormal distribution for ( )TF t  leads to more reliable results. The BPT is 

approximately indistinguishable from the lognormal distribution for up to three recurrence 

times and has several advantages in comparison to lognormal distribution. Firstly, BPT is based 

on a physical process which is the reflection of the stress evolution at one point. Secondly, by 

elapsing time since the last event, lognormal hazard rate tends toward zero probability (which 

is not reasonable) whilst BPT tends toward (2ɛŬ2)-1. Finally, stress changes in the faults and 

their influence on earthquake triggering are easily incorporated in BPT. However, the problem 

with using BPT is that changing stress is probably not uniform on all the fault length (Smith 

2006). It should be taken into consideration that one of the fundamental problems of the BPT 

under the effect of stress changes of real fault is that, changes in stress are not distributed 

uniformly across the fault due to their significant spatial extent (Boyd et al. 2008, Smith 2006, 

Zafarani and Ghafoori 2013). 

1.3 Motivatio ns, novelty and significance 

Motivation and significance of this research could be denoted in two parts: 
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¶ In the first part of the study, concerning the influence of time-dependent seismic hazard 

on structural design, the focus is on evaluating structuresô failure probability 

considering time-dependent seismic hazard. As mentioned previously, the final output 

of PSHA could be expressed as the probabilities of exceeding a given ground motion 

intensity within a specified time interval for a given rate of exceedance. This parameter 

has been used in design codes (e.g., Eurocode 8) by implementing time-independent 

seismic hazard defined by Poisson model (POI).  

In the current research, whereas, time-dependent seismic hazard is applied for the first 

time for determining structuresô failure probability. It is also worth mentioning that 

previous studies carried out on time-dependent seismic hazard mainly aimed at 

evaluating and comparing various time-dependent hazard models (e.g., BPT, Weibull, 

Gama, etc.) and their influence on the outcomesô accuracy. This study, however, 

emphasizes the application of time-dependent seismic hazard analysis in the viewpoint 

of structural engineering. Otherwise noted, time-dependent seismic hazard is used to 

figure out the possible effects on structural design. Briefly noted, the significance of the 

first part is (i) implementing time-dependent seismic hazard for the purpose of structural 

engineering for the first time and consequently, (ii) providing the effect of time-

dependent seismic hazard on the design process to be considered in the next revisions 

of design codes.  

¶ As far as the second part is taken into account, the research motivation could be 

expressed as the need for proposing models for easier obtaining fragility curves which 

is a key step in performance-based earthquake engineering (PBEE). It should be 

explained that the main objective of PBEE is to design structures that are capable of 

demonstrating anticipated desirable performance objectives, in contrast to the 

conventional approach of designing structures to strictly satisfy the codesô provisions. 

PBEE is based on accurate prediction of seismic capacities and demands. It utilizes the 

pre-defined performance objectives which combines the damage or performance limit 

states with the seismic hazard level. By the application of PBEE, making decisions 

concerning the choice of structural systems and detailing levels based on life-cycle 

performance and cost analysis would be possible (AlHamaydeh et al, 2019). It is worth 

recalling that the conventional methods used for obtaining fragility curves 

fundamentally includes steps namely (i) collecting appropriate seismic records, (ii) 
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scaling the collected records, (iii) developing numerical model of a structure which 

could simulate its nonlinear behavior, (iv) analyzing the numerical model for a series 

of scaled records until reaching the building failure, and (v) reaping step iv for each 

record. The above-mentioned steps are recognized as Incremental Dynamic Analysis 

(IDA). The most significant drawback of IDA is being time-consuming, specifically in 

the case of analyzing tall and complicated buildings. A few studies, therefore, have 

been carried out to date in order to develop and present alternative methods using 

machine learning-based approaches. IDA analysis, however, still needs to be conducted 

in the recent ML-based models.  

As a result, considerably faster and more accurate models are developed and introduced 

here. IDA is eliminated and the fragility curves could be obtained by defining 

structuresô properties (i. e., plan area, height, period, construction material, lateral 

resisting system, soil classification of the building location, damage state and design 

code).  

1.4 Aims and objectives 

Earthquakes are one of the natural hazards which pose the greatest threat to life and could lead 

to remarkable financial losses. The main objective of this research is therefore evaluating 

performance of the structures subjected to time-dependent seismic load in order to enhance 

their response to dynamic loads. In other words, this study aims at designing buildings more 

accurately by considering realistic scenarios which generally involve time-dependent seismic 

hazard. Besides, the application of machine learning-based techniques for analysing structuresô 

behaviour is assessed for the sake of easiness and accuracy. More specifically, the main 

research objectives are as below: 

­ State-the-art-review on time-dependent seismic hazard and structural response  

Previous studies conducted on time-dependent hazard analysis were carefully evaluated in 

terms of models introduced so far, their adjustable variables and their results. More clearly, 

the review aimed at finding out the most accurate time-dependent model implemented for 

simulating seismic occurrence. The appropriate variables which led to the most reliable 

results are determined and used for this study. The most recent studies on time-dependent 
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structural response were also reviewed in order to fill the research gap and provide practical 

conclusions to be considered in the design codes and analysis process.  

­ Influence of time-dependent seismic hazard on structural design 

Considering earthquake occurrence as a periodical model, known as time-dependent 

seismic hazard, has been extensively assessed by researchers. The influence of time-

dependent seismic hazard on structuresô behavior has not been yet analyzed sufficiently. 

The main concern of the present research, as a result, is to clearly realize how time-

dependent seismic hazard affect structural behavior by elapsing time. More clearly, the 

response of structures subjected to time-dependent and time-independent seismic hazard 

was compared together. The effect of site-to-source distance, structural dispersion and 

aperiodicity parameter of time-dependent hazard model was also investigated analytically.  

­ Influence of soil classification, period and GMPE on time-dependent seismic hazard 

and structural response 

In order to deeper assess the influence of time-dependent hazard on structuresô behaviour, 

other potential effective parameters were considered in our analytical study. Otherwise 

mentioned, the aim of this phase was to assess if site location (soil classification), period 

and the GMPE used in the analysis could have a significant effect on the final outcomes.  

­ Reviewing both analytical and machine learning-based models for deriving fragility 

curves and developing ML-based models for obtaining fragility parameters and 

fragility curves consequently 

This section was mainly aimed at developing a model for obtaining fragility curves easier. 

To this end, the models introduced based on either analytical analysis or ML-based 

techniques are reviewed and their shortcomings are determined. Accordingly, ML-based 

models are developed for yielding fragility parameters of buildings accurately and in a quite 

short time. It is worth explaining that the time-consuming analytical analysis required for 

Incremental Dynamic Analysis (IDA) could result in inaccurate results sometimes. In the 

prediction models provided in this section the IDA is eliminated and therefore they pose 

the benefits namely (i) easier implementation, (ii) quicker performance and (iii) more 

accurate results in comparison to conventional approaches. These models return fragility 
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parameters of reinforced concrete (RC), steel and masonry buildings by considering 

buildings properties and site characteristics. 

1.5 Thesis organization  

The present thesis is organized in two main parts: part I (sections 2, 3, & 4) which focuses on 

time-dependent hazard analysis and its influence on structural design, Part II (section 5) which 

aims at developing ML-based methods for deriving fragility curves of buildings. It should be 

explained that each section is organized independently of other sections and readers do not 

need to refer to previous sections.  Organization of each section is summarized below: 

­ Chapter 2: State-of-the-art review on time-dependent seismic hazard and Time-

dependent structural response: 

In the second section of the thesis, the most significant and recent studies carried out 

on time-dependent seismic hazard are collected from highly ranked international 

publications. Their aim, methodology and remarkable conclusions are presented and 

discussed. The review focused on the time-dependent hazard models implemented so 

far and the influence of their parameters on the analysis outcomes. More importantly, 

time-dependent structural response assessed in previous researches are provided and 

their conclusions are discussed as well.  

­ Chapter 3: Influence of time-dependent seismic hazard on structural design 

In the third part of the research, the implemented methodology which was 

fundamentally based on the application of PSHA and fragility curves in different time 

intervals is extensively explained. Next, two seismic sources are defined: (i) a point 

source (both time-dependent and time-independent) and (ii) a more realistic source 

combined of an area source (time-independent) and a line source (time-dependent). The 

results of a time-dependent seismic source were compared and analyzed to those of a 

time-independent source. Furthermore, the effect of site-to-source distance (source 

characteristics), structural response dispersion (structure property) and aperiodicity of 

time-dependent hazard model (BPT) on both seismic hazard and structure behavior 

(seismic capacity) was assessed. It is worth explaining that ñseismic capacityò is 

defined here as the capacity required to provide a fixed reliability level, measured by 

the failure rate. Then, the structure response variation in different times elapsed since 

the last event (earthquake) is discussed. The conclusions of the first part, highlighted a 

remarkable effect of time-dependent seismic hazard on structural design. 
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­ Chapter 4: Influence of soil classification, period and GMPE on time-dependent 

seismic hazard and structural response 

The influence of time-dependent seismic hazard on structural design is deeper 

investigated in the fourth section of the current thesis by considering different GMPEs, 

soil classifications and periods. GMPEs proposed by (Ambraseys et al. 1996) and 

(Sabetta and Pouliese 1996) ware applied in the analysis and the results compared 

together. The effect of soil and period on the results was also assessed by changing the 

Ambrasyes GMPE which are dependent on both soil type and period. Seismic hazard 

and structural capacity obtained for each set of the above-mentioned variables was 

analyzed in different time elapsed since the last earthquake and the outcomes are 

discussed.  

­ Chapter 5: Fragility curves of buildings; a critical review and a ML-based evaluation 

The fifth  section aimed at proposing machine learning-based models for obtaining 

fragility curves of structures. To this end, firstly the most recent analytical and ML-

base models developed are reviewed in order to find out their shortcomings and 

research gap. Then, a database was collected from high-ranked international 

publications for training and testing the proposed models. Building properties (plan 

area, height, period, resisting system) soil classification, design code and damage state 

were the input for estimating the target outputs (dispersion and median). Various ML-

based techniques namely nonlinear regression, decision Tree, Random Forest, K-

Nearest Neighbors and Artificial Neural Network were used for developing prediction 

models. The accuracy of the models is assessed by performance metrics and Taylor 

diagram. The results proved the high reliability of developed ML-based models for 

obtaining fragility curves using the defined input variables. More importantly, a 

sensitivity analysis conducted in order to realize the influence of input parameters on 

fragility behavior of buildings.   

­ Chapter 6: Summary and conclusions  

A summary of the main aims and methodologies of the research is provided in the last 

section. The remarkable outcomes are presented as well and the route to further studies 

is suggested regarding the outcomes of this thesis.  
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The research outcomes have been published in journal papers and presented in conferences as 

listed below:  

¶ DallôAsta, A., Dabiri, H. , Tondi, E., & Morci, M. (2021). Influence of time-dependent seismic hazard 

on structural design. Bulletin of Earthquake Engineering, 19(6), 2505ï2529. doi:10.1007/s10518-021-

01075-3 

¶ Dabiri, H. , Faramarzi, A., DallôAsta, A., Tondi, E., Morici, M., (2022), Predicting Fragility Curves of 

RC structures Using ML-based techniques, Journal of Building Engineering, under review 

¶ Dabiri, H., DallôAsta, A., Tondi, E., Morici, M., (2019), Evolution of structural capacity in the case of 

time-dependent point source, GNGNTS 2019, 12-14 November, Rome, Italy. 

¶ Dabiri, H., DallôAsta, A., Tondi, E., Morici, M., (2019), Preliminary study on the impact of time-

dependent seismic hazard on design capacity, XVIII ANIDIS congress, 15-19 September, Ascoli Piceno, 

Italy. 

  

https://link.springer.com/article/10.1007/s10518-021-01075-3
https://link.springer.com/article/10.1007/s10518-021-01075-3
https://www.researchgate.net/publication/337565885_Evaluation_of_structural_capacity_in_the_case_of_time-dependent_point-sources
https://www.researchgate.net/publication/337565885_Evaluation_of_structural_capacity_in_the_case_of_time-dependent_point-sources
https://www.researchgate.net/publication/335870556_Preliminary_study_on_the_impact_of_time-dependent_seismic_hazard_on_design_capacity?_sg=2Np8Vq8EchnbBitfGk3v7C8J8bFB_D-geilSsNfMMgLDFYAnPB2lf3TOrhfUKs2j-OpOTyqTxBQpBEzdgXoFl2O1jxNrTjY68Xs2ux4e.7U7tKxCduqMHQmHJ5IcBBVeDrMZifOfUcOQon7xeeW8PW99yjcr92FQk_XGHUQ2lJ16-1xRp5Dpuxl0MHUWu9w
https://www.researchgate.net/publication/335870556_Preliminary_study_on_the_impact_of_time-dependent_seismic_hazard_on_design_capacity?_sg=2Np8Vq8EchnbBitfGk3v7C8J8bFB_D-geilSsNfMMgLDFYAnPB2lf3TOrhfUKs2j-OpOTyqTxBQpBEzdgXoFl2O1jxNrTjY68Xs2ux4e.7U7tKxCduqMHQmHJ5IcBBVeDrMZifOfUcOQon7xeeW8PW99yjcr92FQk_XGHUQ2lJ16-1xRp5Dpuxl0MHUWu9w
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2 Literature review 

 

 

 

Various studies have been conducted on using time-independent and time-dependent hazard 

analysis. Some of them are presented in this section. 

2.1 Jalalalhosseini et al. (2017) 

Jalalalhoseini et al. (Jalalalhosseini, Zafarani et al. 2018) analysed time-dependent seismic 

hazard for Tehran city (located in Iran) and surrounding area. They utilized the Brownian 

Passage Time model (Matthews, Ellsworth et al. 2002) to predict the seismic performance of 

active faults in Tehran. They presented the total hazard curves by combining the results of the 

BPT model (with different values of aperiodicity parameter) with the hazard from small to 

moderate background seismicity. The results of their study were presented by seismic hazard 

maps which demonstrated the probabilities of exceeding different ground motion levels at any 

site due to the earthquake in seismic sources in a special period.  

In their study, to evaluate the influence of aperiodicity parameter on the hazard, three values 

of Ŭ (0.25, 0.5 and 0.75) were considered and investigated. Based on their research, Ŭ=0.5 leads 

to more reliable results rather than other values.  

One of the most significant conclusions they reached in their study was that there is a notable 

difference (10%-20%) between time-dependent maps and time-independent maps near a fault 

source. Otherwise stated, time-independent maps are similar to time-dependent maps in the 

areas which are far from sources. The other notable point of their study was that the areas with 

relatively short period since the last earthquake, the hazard of time dependent map is less than 

the hazard of time-independent map.  
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2.2  Mousavi and Salehi (2018) 

In Mousavi and Salehi study (Mousavi and Salehi 2018), the recurrence intervals for Dasht-e-

Bayaz region, eastern Iran was evaluated by applying Weibull, Gamma, lognormal and 

Brownian Passage Time. According to their research, the Weibull model has the benefit of 

overcoming the limitation of both exponential and normal distribution. On top of this, based 

on their research, the outcomes obtained by Weibull distribution demonstrated a better 

consistency.  

Primary required variables to estimate model parameters were TR (mean recurrence interval) 

and SR (standard deviation of recurrence interval) which were considered 9 and 8 years, 

respectively. The parameters assumed for the four models and the standard deviation were as 

Table. 2.1 and 2.2: 

Table 2-1. Parameter estimation from the Maximum Likelihood Estimation method. 

Probability model Parameter MLE value 

Lognormal model 
m 1.75 

ů 1.1 

Weibull model 
Ŭ 0.077 

ɓ 1.12 

Gamma model 
r 1.17 

c 0.12 

BPT 
ɛ 9.33 

Ŭ 0.72 

 

Table 2-2. Standard deviation of models based on Utsu (1984) and Matthews et al. (2002) studies. 

model Variance (V[Ti])  Standard deviation 

Weibull 

2

22 1
{ ( 1) ( 1)}ba
b b

-

G + -G + 8.47 

Gamma 2 4/r c  81.25 

Lognormal 
2 22 ( 1)me es s+ -  16.16 

BPT 
2( )ma  45.13 

 

To find the most proper model for the site, two methods were used to choose the best 

distribution: Bayesian information criterion (BIC) as given in Eq. 2 and maximum likelihood 

criterion which uses the maximum logarithmic of likelihood value to find the best model.  
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( ) ()2BIC KLn N Ln L= -   (2.1) 

where N is the number of observed data and K is the number of parameters which describes 

the model. The model with lower absolute values of Ln L and BIC can be selected as the best 

model. Hazard function for Dasht-e-Bayaz was calculated and drawn in Fig. 2.1. 

 

Figure 2-1. Time-dependent and time-independent hazard functions for the Dasht-e-Bayaz region in east of Iran 

Mousavi and Salehi (2018). 

Considering Fig. 2, it can be said that hazard function values of the lognormal model increase 

near the mean recurrence time (1.75), while it decreases sharply by elapsing time since the last 

event. This reduction in the occurrence rate in lognormal distribution can be considered as one 

of its defects. The occurrence rate in Weibull and Gamma models increases constantly by 

elapsing time since the last event.  

2.3  Zafarani and Ghafoori (2013) 

In this study (Zafarani and Ghafoori 2013), the earthquake recurrence intervals for the Iranian 

Plateau were evaluated by considering three models: Gamma, lognormal and the BPT.  

The approach in which the parameters of the models are estimated by likelihood function for 

lognormal and Gamma distribution can be found in (Utsu 1984). 

The likelihood function of the BPT model is as Eq. 2.2: 

2
1/2

1 2 3 2 3 2
1

( )
( , , ,..., | , ) ( ) exp( )

2 2

n
i

T n

i i i

t
L f t t t t

t t

mm
m a

pa a m=

- -
= =Ô   (2.2) 

where n is the number of earthquakes.  

The maximum likelihood estimates of model parameters ɛ and Ŭ can be obtained by calculating 

following Eq. 2.3-2.6: 
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Fig. 2.2 demonstrates the cumulative distribution of the observed inter-event time calculated 

for 15 sources and the curves of cumulative function obtained using three models.  

Based on the study conducted by Zafarani and Ghafoori, considering the logarithmic of 

likelihood function (Ln L), the lognormal model leads to more reliable results for regions with 

intermittent occurrence characteristics in Iran. On the other hand, Gamma distribution was the 

worst in comparison to the other models.   
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Figure 2-2. Cumulative distribution of the observed time intervals and the curves of FT (t) = P(T < t) using 

three models for 15 regions (Zafarani and Ghafoori 2013). 
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2.4 Akinci et al. (2009) 

In this research (Akinci, Galadini et al. 2009), time dependent models were characterized using 

BPT model to assess probability seismic hazard for central Apennines, Italy. The influence of 

aperiodicity parameter, Ŭ, on probabilistic ground motion and its deaggregation was also 

evaluated in their study. Maps for PGA and SA1 on rock for 10% probability of exceedance in 

a time period of 50 year were shown to compare the separate contribution of smoothed 

seismicity and fault components.  

Akinci et al. investigated the differences in the results of earthquake-included ground-motion 

hazard using Poissonian and non-Poissonian models. It should be noted that (Pace, Peruzza et 

al. 2006) also developed PSHA for the same location with several differences in their data and 

assumption. Akinci et al. used historical catalogues working in (Cruppo di Lavoro 2004) while 

Pace et al. use CSIT catalogues (Augliera, Cattaneo et al. 2001). The other difference was that 

in Akinci et al. study, the faults with magnitude greater than 5.9 were considered whilst the 

ounces greater than 5.5 were considered by Pace et al. In spite of Pace et al. study, Akinci et 

al. estimated aperiodicity for three faults as a guide for finding the range of Ŭ and investigating 

its influence on PSHA. Fig. 2.3 illustrates the basic procedure for preparing hazard maps 

schematically.  

 

Figure 2-3. Scheme used to make hazard calculations for the central Apennines (Akinci et al. 2009). 

In their study, it was assumed that earthquake hazard is due to the background earthquake 

(seismicity of unknown faults, 4.6ÒM<5.9) and geological data (M>5.9). Details of these two 

mentioned models can be found in (Akinci, Galadini et al. 2009). 

Some studies have been conducted to find the value of Ŭ. (Ellsworth, Matthews et al. 1999) 

concluded that ñ1) the limited worldwide earthquake recurrence data have the Ŭ values of 

0.46±0.32. 2) The 35-recurrence interval sequence examined are compatible with a shape factor 
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of 0.5 and 3) 35 earthquakes had no systematic difference when grouped by tectonic style.ò 

Fig. 2.4 shows the effect of Ŭ values on the time-dependent results. 

 

Figure 2-4. Graph showing 50 yr probability of the AremognaïCinquemiglia fault/earthquake occurrence as a 

function of elapsed time ratio. Curves are for Poisson model and BPT model with indicated Ŭ values (Ellsworth, 

Matthews et al. 1999). 

 

According to the study results, it could be said that generally ñthe smaller the Ŭ, the nearer the 

rise in hazard above the Poisson level that the average recurrence time occursò. Moreover, for 

the lowest values of Ŭ, elapsed time affects the time-dependent probabilities significantly. 

Based on the obtained results, the probabilities increase by elapsing time except for faults with 

recently occurred earthquakes. Fig. 2.5 illustrates the map of probabilistic PGA with 10% 

probability of exceedance in 50 years using BPT and Poisson models. 
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Considering Fig. 2.5, following conclusions were drawn: 

¶ Hazard increases continuously: one fault having elapsed time greater than the average 

recurrence interval dominates at the site. 

¶ Hazard decreases and then levels off: the domination of a fault having elapsed time 

shorter than average recurrence interval decreases to the point where the background 

seismicity dominates. 

¶ Hazard maintains a steady level: background seismicity always dominates. 

¶ Hazard stays level and then increases: background seismicity loses domination to a fault 

with elapsed time longer than the average recurrence interval. 

Figure 2-5. Maps of probabilistic PGA having 10% probability of exceedance in 50 years, derived from both 

gridded seismicity and faults BPT renewal model using the (a) Ŭ=0.3, (b) 0.5, (c) 0.7, and for (d) Poisson model 

(Ellsworth, Matthews et al. 1999, Zafarani and Ghafoori 2013, AlHamaydeh, Aly et al. 2019). 
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¶ Hazard stays level and then decreases: a fault having elapsed time shorter than average 

recurrence interval. 

¶ Hazard decreases and then increases: initially a fault having recurrence time shorter 

than the average recurrence interval dominates but then loses domination to another 

fault having elapsed time longer than average recurrence interval. 

¶ Hazard increases and then decreases: a dominating fault has elapsed time near 0.6 times 

the average recurrence time, a value where the probability of occurrence increases and 

then decreases as Ŭ goes from 0.7 to 0.5 to 0.3.   

2.5  Panthi et al. (2011) 

In Panthi et al. research (Panthi, Shanker et al. 2011), a model was proposed for earthquake 

occurrence in the region of northeast India. Based on their results, the time interval between 

two main shocks depends on the preceding main shock magnitude while it is independent of 

the following main shock. They suggested a linear relationship between the logarithmic of 

repeat time (T) of two events and the magnitude of the preceding main shock (Eq. 2.7). 

 pLog T cM a= +  (2.7) 

Where c is the positive slope of line, a is the function of magnitude of the considered earthquake 

and Mp is preceding main shock magnitude. c and a are assumed to be 0.21 and 0.35 in the 

region of the study (northeast India and its surrounding regions). They believed that their study 

outcomes can be considered for long term seismic hazard in the delineated seismogenic region.  

It should be mentioned that their study was based on Raidôs theory of the elastic rebound theory 

which assumes that an earthquake occurs when stress reaches a critical value in a fault of 

seismogenic source. Fig. 2.6 illustrates two values of stresses: Ű1 and Ű2, which affect the 

performance of a fault. The constant value of Ű1 means that the model is time predictable (stress 

drop changes to different shocks). On the other hand, when the value of Ű2 is constant, the 

model assumed to be slip predictable (earthquakes start a variable states of stress).  
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Figure 2-6. Earthquake Recurrence Model: (a) time-predictable model showing stress build-up to a certain 

value (Ű1) and non-uniform stress drop; and (b) slip predictable-model illustrating non-uniform stress build-up 

and stress drop to a certain minimum value (Ű2) (after Shimazaki and Nakata, 1980). 

2.6 Papaioannov and Papazachos (2000) 

In this study (Papaioannou and Papazachos 2000), time-dependent and time-independent 

hazard for 144 broad sites of Greece were evaluated. Probability of occurrence of strong ground 

motion with macro seismic intensity IÓVII (in MM scale) in the period of 1996-2010 was 

presented using time-dependent hazard analysis. 

They considered the results of previous studies (Byerlee and Brace 1968, Brune 1973) which 

is based on elastic rebound theory. According to this theory, when two sides of a fault move in 

opposite direction, they lock. After reaching a sufficient level of shear stress, slip occurs by 

releasing energy and then the fault locks again. The sequence of stress accumulation and release 

suggests that the time and magnitude of occurrence of an earthquake may not be stochastically 

independent.  

The equation suggested by (Papazachos and Papazachou 2003) was considered in their study 

(Eq. 2.8) to assess seismic hazard: 

0 0.19 0.33 0.39  7.81t min pLog T M M log m= + - +  (2.8) 

Where Tt is the intervent time of the main shock of every source. Mmin is the magnitude of the 

smallest main shock considered (MminÓ5.5), Mp is the magnitude of the proceeding main shock 

and m0 is the moment rate. Time-dependent seismic hazard was assessed by a computer 

program and the probability of occurrence of a seismic motion with intensity IÓVII for each 

site was calculated and plotted accordingly at the corresponding sites in the map of Fig. 2.7. 
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Figure 2-7. Probabilities for the occurrence of strong-ground motion (I Ó VII) at each one of the 144 examined 

sites in the area of Greece during the period 1996ï2010 (Papaioannou and Papazachos 2000). 

 

Based on the comparison made between assessed time dependent hazard with observed macro-

seismic intensities of the period of 1950-1995, time-dependent models lead to reliable results.  

2.7  Chat et al. (2013) 

Long term and short term probabilistic seismic hazard by considering ground motion prediction 

equations for crustal and subduction earthquakes were assessed by (Chan, Wu et al. 2013). An 

appropriate approach for time-dependent probabilistic seismic hazard determination was 

presented using an updated earthquake catalogue. In their study, (Kagan and Knopoff 1978) 

model which is known as ETAS was considered. Based on the time-space Epidemic Type 
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Aftershock (ETAS), each earthquake is regarded as a main shock that may trigger a consequent 

earthquake. In this study an approach for the short-term PSHA was also proposed.  

2.8  Matthews et al. (2002) 

In this study (Matthews, Ellsworth et al. 2002), a model was proposed for rapture time on a 

recurrence earthquake source. The events interval was assumed to have a BPT distribution 

because of its noteworthy distribution:  

¶ The probability of immediate rapture is zero.  

¶ Between t=0 and mean recurrence time, hazard rate increases from zero to a finite 

maximum and then decreases to a quasi-stationary level, in which the conditional 

probability of event becomes time-independent.  

¶ When coefficient of variation is less than, equal or greater than 1/ 2 0.707º , the 

quasi-stationary failure will be greater than, equal or less than mean failure rate. 

Based on the elastic-rebound model, which was proposed first by (Lawson and Reid 1910), 

great tectonic earthquakes may reoccur at regular time intervals. (Hagiwara 1974) concluded 

that Gaussian distribution cannot be an appropriate choice for stochastic recurrence model 

since it assigns positive probability to negative intervals. He investigated using Gamma, 

lognormal and Weibull distributions and finally applied Weibull on grounds of ñpractical 

convenienceò. And its popularity in ñprobabilistic quality controlò. (Nishenko and Buland 

1987) concluded that lognormal provided the best fit to the distribution of normalized intervals. 

They also concluded that coefficient of variation in lognormal is almost constant across 

sequence from different regions with different characteristic time scales.  

(Matthews, Ellsworth et al. 2002) used the BPT model and compared it with other ones. 

Moreover, they assessed applying this model to the fault which their last rupture is unknown. 

Some models which are considered for probability distributions are shown in Fig. 2.8. Fig 2.9 

also illustrates the BPT distribution and hazard rate for different values of Ŭ.  
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Figure 2-8. Probability density (a) and cumulative distribution (b) functions of exponential (Poisson), BPT, 

logïnormal, gamma, and Weibull models. All distributions have mean 1 and standard deviation 0.5 (except the 

exponential distribution) (Matthews, Ellsworth et al. 2002). 

 

 

Figure 2-9. Probability functions for BPT (1, Ŭ), Ŭ= 1/4, 1/2, 1, 2: probability densities (a) and hazard rates (b) 

(Matthews, Ellsworth et al. 2002). 

 

As it could be seen in Fig. 2.9, small values of Ŭ lead to nearly symmetrical densities with 

pronounced control density near the mean value, while larger values of Ŭ result in highly 

skewed to the right densities which sharply peak at a value left of the mean. As shown in hazard 

rate diagram, the Brownian failure process reaches a quasi-stationary state in which residual 

time to failure becomes independent of elapsed time. Common models which are considered 

for earthquake rupture periodicity were compared by(Matthews, Ellsworth et al. 2002).  

2.9  S. Hebden and Stein (2009) 

Damage due to future earthquakes can be estimated by ground shaking hazard maps. Hazard 

and risk maps are prepared by incorporating earth science and engineering to estimate the 
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probability of occurrence rate of earthquake, ground shaking level and building response to a 

ground motion (Petersen, Cao et al. 2007). Using these maps, larger predicted motion will lead 

to higher predicted seismic hazard. Seismic hazard maps are also used to revise the codes which 

are utilized to design structures.  

It should be kept in mind that in the locations where the recurrence rate of large damaging 

earthquake is low hazard estimation is rather complicated because of poor knowledge of 

required date. 

Based on the previous studies, high hazard in central and eastern United States (CEUS) is due 

to four main assumptions: the first one is the earthquake magnitude which is assumed for the 

future event (known as characteristic earthquake). Second one is the relation between ground 

acceleration at a given distance for an earthquake at a given size (GMPE). The third factor is 

the time window or probability level chosen to define the hazard. 2% probability of exceedance 

in 50 year or once in 2500 years was considered by (Frankel, Mueller et al. 1996, Frankel, 

Petersen et al. 2002) to illustrate the hazard as the maximum acceleration predicted at a 

geographic point. This consideration leads to the much higher hazard in comparison to the 

former assumption (1% in 50 years or one in 500 years by (Algermissen, Perkins et al. 1982)) 

and is because of lack of knowledge of large earthquakes. The fourth factor is the recurrence 

interval of large earthquakes.  

Fig. 2.10 compares time-dependent and time-independent models for earthquake recurrence.  

According to this study, when the time elapsed since the last earthquake is less than 

approximately 2/3 of the assumed mean recurrence interval, time-dependent models predict 

lower probabilities.  

The effect of the model chosen depends on the ratio of elapsed time since the last earthquake 

to the assumed mean recurrence time and the assumed probability distribution and variability 

of the recurrence time.  
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(a) (b) 

 

(c) 

Figure 2-10. Comparison of time-dependent and time-independent models for earthquake recurrence. (a): 

Representative probability density functions for the distribution of recurrence times of characteristic 

earthquakes in the New Madrid zone. Recurrence times are described by Gaussian distributions with a mean 

of 500 years and a standard deviation of either 100 or 200 years, or a lognormal distribution with a similar 

mean and coefficient of variation. Time zero corresponds to the date of the past major earthquake in 1811. 

(b): Comparison of the conditional probability of a large earthquake in the New Madrid zone in the next 50 

years, assuming that the mean recurrence time is 500 years. In the time-independent model the probability is 

always 10%. In the time-dependent models ((a)) the probability is small shortly after the past one and then 

increases with time. Because the time since 1811 is less than 2/3 of the assumed mean recurrence interval, 

these models predict lower probabilities of a large earthquake in the next 50 years at present and for the next 

hundred years. (c): Schematic comparison of time-independent and time-independent models for different 

seismic zones. Charleston and New Madrid are ñearlyò in their cycles, so time-dependent models predict 

lower hazards. The two model types predict essentially the same hazard for a recurrence of the 1906 San 

Francisco earthquake, and time-dependent models predict higher hazard for the nominally ñoverdueò 

recurrence of the 1857 Fort Tejon earthquake. The time-dependent curve is schematic because its shape 

depends on the probability distribution and its parameters (Hebden and Stein 2009). 

 

In this study, hazard maps prepared using both time-dependent and time-independent models 

were compared. Parameters including assumed maximum magnitude of the largest earthquake, 

GMPE model, and probability level were considered the same to compare only the effect of 

different models. Based on the results, the time-dependent model predicted considerably lower 

hazard for the 50-year period. Fig. 2.11 shows the effect of using time-dependent and time-

independent models. Fig. 2.12 also compares the results of using two models. 
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Figure 2-11. Comparison of predicted hazard values for Memphis and St. Louis for a range of return periods 

or, equivalently, probabilities of exceedance, for time-independent and time-dependent models. These are shown 

for peak ground acceleration in the left column and for acceleration with a period of 1 s in the right column 

(Hebden and Stein 2009). 

 

Figure 2-12. Comparison of predicted hazard values for Charleston and Columbia for a range of return periods 

or, equivalently, probabilities of exceedance, for time-independent and time-dependent models. These are shown 

for peak ground acceleration in the left column and for acceleration with a period of 1 s in the right column 

(Hebden and Stein 2009). 

 

As it can be seen in Fig. 2.12, time-dependent model predicts lower hazard at present and in 

the future time period shown.   
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2.10 Boyd et al. (2008) 

(Boyd, Zeng et al. 2008) presented a time-dependent seismic hazard analysis for Alaska and 

the Aleutians. It is noteworthy that time-independent maps consider all sources statistically 

independent. On the other hand, in time-dependent analysis, BPT model is used to calculate 

conditional probability of occurrence for the next 50 years.  

Based on their study, two notable events can change time-dependent probabilistic seismic 

hazard estimation: occurring earthquake on characteristic fault segments and stress changes on 

the fault due to regional earthquake. It should be taken into account that significance of stress 

transfer depends on the location, orientation and sense of slip-on target faults. Previous studies 

showed that changing co-seismic stress may have a lasting influence on probability. Others 

also suggest that transferring visco-elastic stress transfer can play a significant role over the 

long term. Based on BPT, changing co-seismic stress cannot affect the earthquake probability 

for a long term and continuing post-seismic relaxation should be considered in earthquake 

triggered models. 

Based on this research, smaller and more frequent earthquakes in the Gutenberg-Richer 

component of a seismic hazard model have a more contribution to seismic hazard than an equal 

contribution from a characteristic component. They concluded that when a time-dependent 

model without stress changing is considered, the probability of earthquake occurrence alters 

notably (decreasing to approximately zero or increasing to several times the value of time-

independent ones). Moreover, co-seismic stress changes can have a local influence on 

earthquake probabilities, while post seismic effects can be far-reaching in both time and space, 

finally, combining time-dependent and time-independent sources, the seismic hazard does not 

change considerably.  

2.11 Petersen et al. (2007) 

The hazard map of peak ground acceleration for 10% probability of exceedance in 30 years 

from the 2002 national seismic hazard models obtained considering time-independent and 

time-dependent PSHA are shown in Fig. 2.13 and Fig. 2.14, respectively. Fig. 2.15 is also 

provided to show the difference between Fig 2.13 and Fig. 2.14 (a ratio map) (Petersen, Cao et 

al. 2007). 
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Figure 2-13. Time-independent (Poisson) map for rock site condition and a 10% probability of exceedance in 

30 years. This map was developed from the 2002 national seismic hazard model but also includes the new 

Poisson model for T-I Model 3 (Petersen, Cao et al. 2007). 

 

Figure 2-14. Time-dependent map for rock site condition and a 10% probability of exceedance in 30 years. This 

map was developed by equally weighting three time-dependent models (T-D model 1, 2, and 3) (Petersen, Cao 

et al. 2007). 












































































































































































































