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Abstract

Seismic hazard causes a considerable portitmssfin 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 semsic 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 predian 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 structur al design purposes, for ismicgi ven
hazard could be stated in terms of return perigdvihich is commonly applied in current
design code (e.g., Eurocode 8).

The abovementioned explanations of return period of exceedance are based on the Poisson
relationship between time and earthkgiavhich 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 througtetimedent models which
means that elapsingrte since the last earthquake affects its occurrence probability.

This research focuses mainly on the effect of {dependent seismic hazard on structural
design, by evaluating the strength required by the structure (seismic capacity) for different time
intervals elapsing from the | ast event. HASei
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 intessigal results concerning
different siteto-source distance, capacity dispersion of the structure and different recurrence
properties of the timeéependent source have been discussed. The results obtained from the
analyses highlight a significant influemof timedependent 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 effectime-lependent seismic hazard on
structural design, the influence of soil classification, period and the GMPE implemented in the
analysishave beerassessed and the results discussed extensively. The analysis outcomes
illustrate the remarkable impact of kand period on structural response as well as the

importance of appropriate GMPE used for the tohependent seismic hazard.



Furthermore, machinkearning (ML) based models have been proposed for deriving fragility
curves of buildings. Generating fragylicurves is a critical key step in the PerformaBesed
Earthquake Engineering (PBEE) framework which is generally-tomsuming. The accuracy

of the quick accurate models proved the high reliability ofibéised techniques for obtaining
fragility parameers namely dispersion and median. The developedbdfled prediction
models could be used for estimating capacity (both-temendent and timi@dependent

cases) in further studies.
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Chapter 1 Pagel6 of 152
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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 arestochastic processes, counting process, interarrival and waiting time, memory,

recurrence interval, return period

1 Sochastic processeastochastic ppcesscould be defined assystemin which there
are observations at certain times, and itisaargetoutcome, that is, the observed value
at each time is a random varialflomberg 2006) The fundamental concepts of
stochasticprocesseare based orgenerating (pseudojandom numbersand the
sequences of uniform random number provided by computer roiginasexample of
stochastic processSlepchenko & Loevi2010,Ferrari 2001).

1 Counting processacounting process is a type of stochastic processnaeitinegative,
integer, and increasingalues. The most comma@pplicationof a counting process is
to count the number of occurrences of some event of inteyesapsing time (time
dependent eventsand thereforehe values araisually chosennonnegative real
nu mb e r sltisfwlrth explaining that in the general form, negative vales= (1 D,
b )arealso commonly usedPlofsson 200%

1 Arrival/ arrival time the appearance of seismic energya@eismic recortgs knownas
arrival while he time at which a particular wave / phase arrives at a station or detector
is defined asrrival time.

1 Recurrence Intervakhe approximate length of time between earthquakes in a specific
seismically active area.

1 Recurrence intervalor return periofl the average time span between earthquake

occurrences on a fault or in a source zerealled recurrence interval (or return period)
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1.2 Background

One of the main concerns in earthquake enginges to provide structural engineers with
parameters which lead todesire 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 ofuture 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 periedceedance 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 assumesahatarthquake 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 selmmard could be also expressed

in terms of return period (TR), specifically in design codes and provisions (e.g. Eurgcode 8
(Shahbazi et al. 2@).

Models which are used in PSHA are generally divided two main categories: time
independent and tiragependent models. It should be taken into account that both time
dependent and timi@dependent models are basedtomfic har act eri sti c eart
(magnitudefrequency characteristic of earthquake occurrence) which assumes s&sthie

activity ona given segment should be dominated by earthquakes of similar characteristics that
recur at somewhat regular interva®th of them also require momdralanced models which

are consistent with the global plate rate models and slip rate determinedvistugldaults

(Peterson et al. 2007).

One of the most weknown timeindependent models which is mostly used by earthquake

engineers is Poisson mod€Eq. 11).

fr(t)=—¢e"= (1.1)

whereT is the return periodn Poisson modsithe 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 specificgenpisrly (Jaldalhosseini et al.
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2017) Poisson models are appropriate for sites wisingle source wérethe time since the
last earthquake is more than the meantime interval and the source has strong characteristic time
behaviourfMousavi and Salehi 2018).

On the oher hang nonPoisson models which amdso known as renewal timdependent
models are appropriate for largearthquakegJalalalhosseini et al. 2017Results of time
dependent models are broadly consistent with the elastic rebound theeaytltfuake
Parameters including static elastic fault interaction, vedastic stress transfer and dynamic
stress changes from earthquak® close faults may affect the results of tidependent
earthquake probability. But the most important factdhestime elapsed since the last event

(because of stress increment on fa{f@tersen et al. 20Q7)

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

and Weibull distributiondt is noteworthy that

1 Lognormal distibution is appropriate for model intewent time distribution for large
earthquakes

1 Normal distribution is not appropriate sometimes since it should be truncated at t=0 due
to impossibility of negative inteevent time (Hebden and Stein 2009)

1 Gamma disibution is recommended as a probability model for waitinge (Bak et
al. 2002).

1 Lognormal or Gamma distribution are recommended for a probabilistic treatment of
crustal rapture time (Estera 1970).

1 The Weibull distribution function is commonly considered for the PDF of-etent

time (Hagiwara 1974).

On e of t he model s whi ch has attracted rese
probability distribution of inteevent timeis Brownian PassagTime(BPT) (Matthew et al.
2002).

In the BPT mode] which has been proposed to describe the probability distribution of inter
eventtime (Matthew et al 2002)earthquake occurrence is assumed to hasmodicity
(Jalalalhosseini et al. 2017).

In fact, in the BPT model, whichs 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 | evel. BPT i s def imtima(ortinge t wo p
between earthquakes) and aperiodicity of meantime, respectiVédy.the coefficient of
variationU=1 refers to hehavimgumldarU=Po ired @ahasiaut o per
(Matthew et al. 2002).

The probability density functiorof BPT model igiven inEq. (1.2):

T )
()= 5k 61 a2

whereT, is the return period and is the aperiodicityof the interarrival timeAs it was

mentioned befordgy decreasing U, the hazard function
|l i ke whens (%1) (Jalmlalhoseens et al. 2017Hazard function provides the
instantaneous probability of occurrence at the timgiven that no event had occurred

previowsly, and describes the hazard variation in t{ig. 1.3).

(1.3

where F; (t) is cumulative distribution function (CDFAccording to Nishenko and Buland
(1987) lognormal distribution forF; (t) leads to more reliable results. The BPT is

approximately indistinguishable from the lognormal distribution for up to three recurrence
timesand has several advages in comparison to lognormal distribution. Firstly, BPT is based
on a physical process which is the refieciof the stress evolution at one point. Secondly, by
elapsing time since the last event, lognormal hazard rate tends toward zero probabdity (wh
is not reasonabl e) whtiFnaly strBsB dhanges im the faultscanda r d |
their influence on earthquake triggering are easily incorporated in BPT. However, the problem
with using BPT is that changing strasgprobably not uniformon all the faullength (Smith
2006).1t should be taken into consideration that one of the fundamental probiehesBPT

under the effect of stress changes of real fisuthat,changes in stress are not distributed
uniformly across the fault due toeli significant spatial exteriBoyd et al. 2008, Smith 2006,
Zafarani ad 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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1 Inthe first part of the study, concerning thBuence of timedependent seismic hazard
on structur al desi gn, t he focus i s on
considering timedependent seismic hazard. As mentioned previously, the final output
of PSHA could be expressed as the probalslitieexceeding 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., Eurocobg Bhiplementing timendependent

seismic hazard defined by Poisson model (POI).

In the current research, whereas, tidependent seismic hazard is applied for the first
time for determining structureso6é failure
previous studies carried out on tiwdependent seismic hazard mainly aimed at
evaluating and comparing various tirdependent hazard models (e.g., BPT, Weibull,
Gama, etq. and their influence a the outcome®accuracy. This study, however,
emphasizes the application of tirdependent seismic hazard analysis in the viewpoint
of structural engineering. Otherwise noted, tidependent seismic hazard is used to
figure out the possible effects on structural dedgyiefly noted, the significance of the
first partis (i) implementing timedependent seismic hazard for the purpose of structural
engineering for the first time and consequently, (ii) providing the effect of- time
dependent seismic hazard thwe design proess to be considered in the next revisions

of design codes.

1 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 performaebased earthquake engineering (PBEIE)should be
explained that the main objective BBEE is to desigrstructures that are capable of
demonstrating anticipated desirable performance objectives, in contrast to the
conventional approach of designingst ct ur es t o st rpravisidny sat i
PBEEis basen 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 ée\By the application oPBEE, makng decisions
concerning the choice of structural systems and detailing levels based-oyclde
performance and cost analysisuld be possibl@AIHamaydehet al, 2019)It is worth
recalling that the conventional metts 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)adyzing the numerical model for a series

of scaled records until reaching the building failure, and (v) reaping step iv for each
record. The abovenentioned steps are recognized as Incremental Dynamic Analysis
(IDA). The most significant drawback of IDA iing timeconsuming, specifically in

the case of analyzing tall and complichtauildings. A few studies, therefore, have
been carried out to date in order to develop and present alternative methods using
machine learnindgpased approaches. IDA analysisyever still needto be conducted

in the recent Mkbased models.

As a result, considerapfaster and more accurate models are developed and introduced
here. IDA is eliminated and the fragility curves could be obtained by defining
struct ur esdibe., planama heighteperiod, construction material, lateral
resisting system, soil classification of the building location, damage state and design
cods.

1.4 Aims and objectives

Earthquakes are one of the natural hazards which pose the greateso fifeeand could lead

to remarkable financial losses. The main objective of this research is therefore evaluating
performance of the structures subjected to {itlependent seismic load in order to enhance

their response to dynamic loads. In other wotiis, study aims at designing buildings more
accurately by considering realistic scenarios which generally involvedapendent seismic

hazard. Besides, the application of machine learhaged techniques fanalysings t r uct ur e s
behaviouris assessefbr the sake of easiness and accuracy. More specifically, the main

research objectives are as below:

- Statethe-art-review on timedependent seismic hazard and structural response

Previous sidies conducted on tirgependent hazard analysis were carefeMgluated in

terms of models introduced so far, their adjustable variables and their results. More clearly,
the review aimed at finding out the most accurate -tile@endent model implemented for
simulating seismic occurrence. g appropriate variables whicled to the most reliable
results are determined and used for this study. The most recent studies-deggendent
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structural response were also reviewed in order to fill the research gap and provide practical

conclusions to be consideredthe design odes and analysis process.

- Influence of timalependent seismic hazard on structural design

Considering earthquake occurrence as a periodical model, known asefpmedent

seismic hazard, has been extensively assessed by researchers. The influence of time
dependent seismic hazard on structuresdé be
The main concern of the present research, as a result, is to clearly realize hew time
dependent seismic hazard affect structural behavior by elapsing time. More clearly, the
response of structures subjected to tmhependent and tim@dependent seismic hada

was compared together. The effect of $itsource distance, structural dispersion and

aperiodicity parameter of tirrgependent hazard model was also investigated analytically.

- Influence of soil classification, period and GMPE on tidependent seismihazard

and structural response

In order to deeper assess the influence oftdnep endent haz hehalioupn st r
other potential effective parameters were considered in our analytical study. Otherwise
mentioned, the aim of this phase wasssssif 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 learnivased models for deriving fragility
curves and developing Mhased mdels for obtaining fragility parameters and

fragility curves consequently

This section was mainly aimed at developing a model for abtairagility curveseasier
To this end, the models introduced based on either analytical analysis -badad
techniges are reviewed and their shortcomings are determined. Accordinghpaktd
models are developed for yielding fragility parameters of buildings accurately and in a quite
short time. It is worth explaining that the timmensuming analytical analysis recdrfor
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 performande(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 maingpasrt | Gections 23, & 4) which focuses on
time-dependent hazard analysis and its influence on structural design, Part Il (Spatinch

aims at developing Mibased methods for deriving fragility cusvef 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. Stateof-the-art review on timelepement seismic hazard and Time
dependent structural response:
In the secondsection of the thesishe most significant and recent studies carried out
on timedependent seismic hazard are collected from highly ranked international
publications. Their aim, nteodology and remarkable conclusions are presented and
discussed. The review focused on the tolependent hazard models implemented so
far and the influence of their parameters on the analysis outcomes. More importantly,
time-dependent structural resporsgsessed in previous researches are provided and
their conclusions are discussed as well.

- Chapter 3: Influence of timalependent seismic hazard on structural design
In the third part of the research, the implemented methodology which was
fundamentally bsed 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 timelependent and timi@dependent) and (ii)) a more realistic source
combined of anr@a source (timéndependent) and a line source (thhependent). The
results ofa time-dependent seismic source were compared and analyzed to tlese of
time-independent source. Furthermore, the effect ofteisource 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 i s
defined here as theapacity 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

remarkale effect of timedependent seismic hazard on structural design.
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Chapter 4: Influence of soil classification, period and GMPE on tidependent
seismic hazard and structural response

The influence of timalependent seismic hazard on structural design epete
investigated in théourth section of the current thesis by considering different GMPEs,
soil classifications and periods. GMPEs proposedAybraseyset al. 1996)and
(Sabetta and Poulies©96) 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 almargioned variables was
analzed in different time elapsed since the last earthquake and the outcomes are
discussed.

Chapter 5: Fragility curves of buildings; a critical review and a Mhased evaluation

The fifth section aimed at proposing machine learsbhaged models for obtaining
fragility curves of structures. To this end, firstly the most recent analytical ard ML
base models developed are reviewed in order to find out their shortcomings and
research gap. Then, a database was collected fromrdmgld international
publicationsfor 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). Varieus ML
based teaniques 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 resultsrpved the high reliability of developed Mhased 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 buitlings.

Chapter 6: Summary and conclusions

A summary of hemainaims and methodolags of the researcts 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 corgerences a

listed below:

1 Dal | 6 ABabid, H., Fondi, E., & Morci, M. (2021)Influence of timalependent seismic hazard
on structural designBulletin of Earthquake Engineerind9(6), 25052529.d0i:10.1007/s1051821-
010753

9 Dabiri, H., Faramarzi, ADal | 6 Ast a, A. ,M, 2@9,driedicting Eragiliti@urvées ofi
RC structures Using Mbased techniquedpurnal of Building Engineerincqunder review

1 Dabiri, H., Dal |l 6 Ast a, AM, (2019,Bvdltign ofstructurdiaapaciteg in the case of
time-dependent point sourcENGNTS 2019, 124 November, Rome, Italy.

9 Dabiri, H., Dal |l 6 Ast a, A, M., (201®)PdeliminanE study oM the imjeact of time
dependent seismic hazard on design capaX¥yll ANIDIS congress, 1519 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-itihependent and tirrgependent hazard
analysis. Some of them are presented in this section.

2.1 Jalalalhosseini et al. (2017)

Jalalalhoseini et alJalalalhosseini, Zafarani et al. 2Qlahalysedtime-dependent seismic
hazard for Tehran city (located in Iraapd surrounding area. Theyilized the Brownian
Passage Timmodel(Matthews, Ellsworth et al. 20020 predictthe seismic perfornmece of

active faults in Tehran. They presented the total hazard curves by combining the rekalts of
BPT model (with different values of aperiodicity parameter) with the hazard from small to
moderate background seismicity. The results of their sieetepresented 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 paramatethe hazard, three values
of U 0.25, 0.5 and 0.75vere considered and investigated. Based ontbgdtarch U=0. 5 | e a

to more reliable results rather than other values.

One of the most significant conclusions tlegchedn their study was thahere is a notable
difference (10%-20%) between timeependent maps and tinrelependent maps near a fault
source.Otherwise statedime-independent maps are similar to thaependent 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 razard of timendependent map.
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2.2 Mousavi and Salehi (2018)

In Mousavi and Salelstudy(Mousavi and Salehi 20),8the recurrence intervals for Dasht
Bayaz region, eastern Iran was evaluated bylyagp Weibull, Gamma,lognormal and
Brownian Passagelime. According to their researcthe 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 obtaad by Weibull distribution demonstrated a better

consistency.

Primary required variab$go estimate model parameters wete(fhean recurrence interval)
and & (standard deviation of recurrence interval) which were considered 9 and 8 years,
respectivelyThe parameters assumed for the four models and the standard devaxtas

Table.2.1and2.2

Table2-1. Parameter estimation from the Maximum Likelihood Estimation method.

Probability model| Parameter| MLE value
m 1.75
Lognormal model _
u 11
V] 0.077
Weibull model
b 1.12
r 1.17
Gamma model
c 0.12
€ 9.33
BPT -
U 0.72

Table2-2. Standard deviation of models baseudUtsu(1984) and Matthews et al. (200&udies

model Variance (V[T]) Standard deviatior]
-2
Weibull | @ °{q~= 1) (é 1)}- 8.47
Gamma rz/c* 81.25
Lognormal e2m+52(e52 -1) 16.16
BPT (m§* 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 tiserbedel.
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BIC =KLn(N) -2Ln(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 Daske-Bayaz was calculated and drawn in Fid..2
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Figure 2-1. Timedependent and tim@dependent hazard functions for the DasiBayaz region in east of Iran
Mousavi and Salehi (2018)

Considering Fig. 2, it can be said that hazard function valudhe tdgnormal modeincrease
near the mean recurrence time (1.75), while it decreases sharply by elapsing time since the last
event. Thigeductionin the occurrence rate in lognormal distriion 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 20),3he earthquake recurrence intervals for the Iranian

Plateauvereevaluated by considering three models: Gamma, lognormal and the BPT.

The approach in which the parameters of the models are estimateeélihobkl function for

lognormal and Gamma distribution can be foun@Utsu 1983.

The likelihood function of the BPT model is as B
L :fT (tl’tZ’tS""’tn |m, a) :9 W }/2 exm (22)

where n is the number of earthquakes.

The maximum | i kelihood easntdi mlatceasn dfe mddeali npea

following EqQ.2.3-2.6.
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Fig. 22 demonstrates the cumulative distribution of the observedewvimt time calculated

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

Based on thestudy conducted byZafarani 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

wordg in comparison to the other models.
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Figure 2-2. Cumulative distribution of the observed time intervals and the curdes @f = P(T < t) using
three models for 15 regior{gafarani and Ghafoori 2013)
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2.4 Akinci et al. (2009)

In this researclAkinci, Gdadini 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, U, on probabilistic
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 retresults of earthquakiecluded grounemotion

hazard using Poissonian and feoissonian models. It should be noted (Faice, Peruzza et

al. 2006 also developed PSHA for the same location with several differences in their data and
assumption. Akinci et al. used historicataloguesvorking in(Cruppo di Lavoro 2004while

Pace et al. use CSthtaloguegAugliera, Cattaneo et al. 200 he other difference was that

in Akinci et al. study, the faudtwith magnitude greateghan 5.9 were considered whilst the
ounasgreater than 5.5 were considered by Pace et al. In spite of Pace et al. study, Akinci et
al. estimated aperiodicity for threeifgaul ts
its influence on PSHAFig. 23 illustrates the basic procedure for preparing hazard maps

schematically.

CATALOGS (Model-1) FAULTS (Model-2)
4.6<My<5.9 My>=5.9
Spatially Smoothed seismicity Faults and geologic informations
CPTI04-declustred (Working Group, 2004) (Valensise & Pantosti, 2001;
seismity rate, b =0.90) Galadini&Galli, 2000 and
(Max LikelihooﬁEfﬁethod) + further works cited in Table 1).
Regional attenuation relationships ASB96 and SP96 attenuation relationships
(Malagnini et al., 2000)
Characteristic and floating fault
Point Sources models

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

In their study it was assumed that earthquake hazard is due to the background earthquake
(seismicity of unknown faults, 4. 60M<5.9) an

mentioned models can be found&kinci, Galadini et al. 2009

Some studies have been condudted f i nd t KEswarth, Matthews 6t al. 1999
concluded that nl) the | imited worl dwide &ea

0.46+0.32. 2) The 3Becurrence interval sequence examined are compatible with a shape factor
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of 0.5 and 3) 35 earthquakes haw systematic difference when grouped by tectonic style.
Fig.24s hows the ef fect -depéndedtreguid. ues on t he ti me

0.2 - 4

(BPT, 0=0.3)

Time-dependent (BPT, 1=0.5)

(BPT, a=0.7)

/ Time-independent (Poisson)
T T

0.0 0.5 10\ Cup, 15 2.0
T-lapse/T-bar 7 ting

50 year conditional proba bility
(Aremogna-Cinquemiglia fault)
o

0.0

Figure 2-4. Graph showing 50 yr probability of the Aremo@@anquemiglia fault/earthquake occurrence as a
function of elapsed time ratio. Curves ar(Ellswomhy Poi ssc
Matthews et al. 1999

According to the study results, it cahel d be
rise in hazard above the Poisson level that the average recurrence timé. dbtoresver for
the | owest val ue sstmetimedependent probabditiesgnificanty,. af f ec t

Based on the obtained results, the probabiliieseasdy elgsing time egep for faults with
recently occurred earthquakes. FR35 illustrates the map of probabilistic PGA with 10%

probability of exceedance in 50 years using BPT and Poisson models.
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(a) (PGA) 10% Probability in 50 years (b)  (PGA) 10% Probability in 50 years

(renewal model, BPT, =0.3) (renewal model, BPT, ®=0.5)
4330 §
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42 30

42 00 42 00

1730 12000 12300 13000 1330 14000 1430 M3 12000 12300 1300 1330 14CO 1430

(c)  (PGA)10% Probability in 50 years (d)  (PGA) 10% Probability in 50 years
(renewal model, BPT, #=0.7) (poisson model)
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4330 §

42 30

42 00 42 00
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Figure 2-5. Maps of probabilistic PGA having 10% probability of exceedance in 50 years, derived from |
gridded seismicity and faults BPT renewal mode
(Ellsworth, Matthews et al. 1999, Zafarani and Ghafoori 2013, AlHamaydeh, Aly et al. 2019)

Considering Fig2.5, following conclugons were drawn:

1 Hazard increases continuously: one fault having elapsed time greater than the average
recurrence interval dominates at the site.

1 Hazard decreases and then levels off: the domination of a fault having elapsed time
shorter than average reoemce 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 elapsedime longer than the average recurrence interval.
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1 Hazard stays level and then decreases: a fault having elapsed time shorter than average
recurrence interval.

1 Hazard decreases and then increases: initially a fault having recurrence time shorter
than the agrage recurrence interval dominates but then loses domination to another
fault having elapsed time longer than average recurrence interval.

1 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 U goes from 0.7 to 0.5

2.5 Panthi et al.(2011)

In Panth et al. researcliPanthi, Shanker et al. 201 a model was proposed for earthquake
occurrence in the region of northeast India. Based on their rgbgt8me interval between

two main shocks depends on the preceding main shock magnitude while it is independent of
the following main shock. They suggted a linear relationship between the logarithmic of
repeat time (T) of two events and the magnitude of the preceding main sho2K/{Eq.

Log T=cM, +8 (2.7

Where c is the positive slope of lirgeis the function of magnitude of the safered earthquake
andMyp is preceding main shock magnitude. ¢ and a are assumed to be 0.21 and 0.35 in the
region of the study (northeast India andsitsroundingegions). They believed that their study

outcomes can be considered for long term seisa®afa in the delineated seismogenic region.

't should be mentioned that their study was
which assumes that an earthquakeurswhen stress reaches a critical value in a fault of
seismogenic source. Fi@6i | | ustrates t wo anwndlwhichsaffeci the st r es
performance of a f améanbs.thatthe model is ime predictableysaessu e 0
drop changes to different shock&yonstafifme t he o

model assumed to be slip predictable (earthquakes start a variable states of stress).
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Earthquake Recurrence Model

/M
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Stress

—
coseismic slip
@ P = o

Stress

c

coseismic slip

Cumulative
Cumulative

Time

@ Time

Time Predictable Slip Predictable

Figurg 2-6. Earthquake Recurrence Modéh) time-predictable model showing strdsgild-upto a certain
value (4) and nonuniform stress drop; an¢b) slip prediqjtablemodel illustrating noruniform stres$uild-up
and stress drop to a certain minimum vall® (after Shimazaki and Nakata, 1980).

2.6 Papaioannov and Papazachos (2000)

In this study(Papaioannou and Papazachos 20@i@ne-dependent and tim@dependent
hazardor 144 broad sites of Greeaereevaluated. Probability of occurrenaistrong ground
motion with macro seismic intensi£610Wwa®VI |

presented using timgependent hazard analysis.

They considered the results mevious studiegByerlee and Brace 1968rune 1973 which

is based on elastic rebound theory. According to this thedmwmwo 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. Theeseeg of stress accumulation and release

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

independent.

The equation suggested (apazachos arfélapazachou 2003vas considered in their study

(Eq.2.8) to assess seismic hazard:

Log T, =0.19M,,, +0.3M, 0.3dogm 7 (2.8)

Where Tis theintervent time of the main shock of every source.V the magnitude of the
smallest main shock consideredn(hMO 5 ., NB)s the magnitude of the proceeding main shock
and m is the moment rate. Tirrdependent seismic hazard was assessed by a computer
program and the probability of occurrence

site was calculated and plett accordingly at the corresponding sites in the map oRHg.
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19> 20> 21 22 23 24 25 26 27 28 29 30

Probabilities
) 0.30-0.43
® 0.15-0.29
e 0.00-0.14

19° 20" 217 22° 23° 24" 25 26° 277 28 29° 30

Figure 2-7. Probabilities for the occurrence of stromgound motion (O VII) at each one of the 144 examined
sites in the area dbreece during the period 1988010(Papaioannou and Papazachos 2D00

Based on the comparison made between assessed tiemeldephazard with observed macro
seismic intensities of the period of 195995, timedependent modglead to reliable results.

2.7 Chatetal. (2013

Long term and short term probabilistic seismic hazard by considering ground motion prediction
equationsdr crustal and subduction earthquakes were asses¢€thény, Wu et al. 20)3An
appropriate approach for tinteependent probabilistic seismic hazard determination was
presented using an updated earthquaktalogue In their study(Kagan and Knopoff 1978
model which is known as ET&was considered. Based on the tispace Epidemic Type
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Aftershock (ETAS), each earthquake is regarded as a main shock that mayattmusEquent
earthquake. In this study an approach for the gleomt PSHA was also proposed.

2.8 Matthews et al.(2002
In this study(Matthews, Ellsworth et al. 2092a model was proposed for rapture time on a
recurrence earthquake source. The evertesvial 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 ggtionary level, in which the conditional

probability of event becomes tiniedependent.

1 When coefficient of variation is less thamuel or greater than//2° 0.707, the

guaststationary failure will be greater than, equal or less than mean failure rate.

Based orthe elasticrebound model, which was proposed first(bgwson and Reid 19)0

great tectonic earthquakenay reoccur at regular time intervalslagiwara 197%concluded

that Gaussian distribution cannot be an appropriate choice for stochastic recurrence model
since it assigns positive probability to negative intervals. He investigasing Gamma,

| ognor mal and Wei bul | di stributions and fin
convenienceo. And its popul a(ishenko anchBulandr ob ab
1987 concluded that lognormal provided the bestfithie distribution of normalized intervals.

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

sequence from different rimms with different characteristic time scales.

(Matthews, Ellsworth et al. 20D2isedthe 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 & &igig 2.9
alsoillustrates the BPT distribution and hazard rate for diffevent| ues of U.
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Figure 2-8. Probability density (a) and cumulative distribution (b) functions of exponential (Poisson), BPT,
logi normal, gamma, and Weibull models. All distributions have mean 1 and stiaaeléation 0.5 (except the
exponential distributionjMatthews, Ellsworth et al. 2002
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Figure 2-9. Probability functions for BPT (1) , U= 1/ grobability @ensitiek (a) aPd hazard rates (b)
(Matthews, Ellsworth et al. 2092
As it could be seen in Fi@.9, smal | values of U lead to nez:
pronounced control density near the mean va

skewed to the right densities which sharply peak at a value left of the mean. As shown in hazard
ratediagram,the Brownian failure process reaches a giststionary state in which residual
time to failure becomes independent of elapsed time. Common models which are considered

for earthquake rupture periodicity were comparefMatthews, Ellsworth et al. 202

2.9 S. Hebden and Stei{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 buitdiposeto a
ground motior{Petersen, Cad al. 2007. Using these maps, larger predicted motion will lead
to higher predicted seismic hazard. Seismic hazard mapsatsed to revise the codes which

are utilizdto design structures.

It should be kept in mind that ithe locations where ¢hrecurrence 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 assumptionshe 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 considere(Fankel, Mueller et al. 199&-ranlel,

Petersen et al. 20DP20 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 yeafalggrmissen, Perkins et al. 1932

and is because ofdk of knowledge of large earthquakes. Tharth factor isthe recurrence

interval of large earthquake
Fig. 210compares tim@&ependent and tim@dependent models for eartlake recurrence.

According to this study, when the time elapsed since the last earthquake is less than
approximately 2/3 of the assumed mean recurrence intervaldépendent models predict
lower probabilities.

The effect of the model chosen dependshenratio 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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Figure 2-10. Comparison of tim&lependent and tim@dependent models for earthquake recurrence. (e
Representative probability density functions for the distribution of recurrence times of characterist
earthquakes in the New Madrbne. Recurrence times are described by Gaussian distributions with a
of 500 years and a standard deviation of either 100 or 200 years, or a lognormal distribution with a si
mean and coefficient of variation. Time zero corresponds to the déite past major earthquake in 1811
(b): Comparison of the conditional probability of a large earthquake in the New Madrid zone in the ne
years, assuming that the mean recurrence time is 500 years. In thiadiependent model the probability i
always 10%. In the timelependent models ((a)) the probability is small shortly after the past one and
increases with time. Because the time since 1811 is less than 2/3 of the assumed mean recurrence
these models predict lower probabilities dhege earthquake in the next 50 years at present and for the
hundred years. (c): Schematic comparison of fintkependent and timi@dependent models for different
seismic zones. Charl eston and N e-depevidedmodels predicte
lower hazards. The two model types predict essentially the same hazard for a recurrence of the 19(
Francisco earthquake, andtintte pendent model s predict highe
recurrence of the 1857 Fort Tejon dagquake. The timdependent curve is schematic because its shag
depends on the probability distribution and its paramefelebden and Stein 20R9

In this study, hazard maps prepared using both-tiggendent and timi@dependent models

were compared. Parameters including assumed maximum magnitude of the largest earthquake,
GMPE model, and probability level were considered the same to compare only thefeffect
different moded. Based on the results, the thdependent model predicted considerably lower
hazard for the 5§ear period. Fig2.11shows the effect of using tirdependent and time

independent modglFig. 2.12also compares the results of using mvodels.
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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 timtependent and timéependent wdels. 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 20p9
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Figure 2-12. Comparison of predicted hazard values for Charleston and Columbia for a range of return periods
or, equivalently, probabilities of exceedance, for timtependent and tirmgependent models. Téeare 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 20p9

As it can be seem 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. 20Q%resented a timdependent seismic hazard analysis for Alaska and
the Aleutians. It is noteworthy that tinniedependent maps consider all sources statistically
independent. On the other hand, in tidependent analysis, BPT model is used to calculate

condtional probability of occurrence for the next 50 years.

Based on their study, two notable events can changed@mendent probabilistic seismic
hazard estimation: occurring earthquake on characteristic fault segments and stress changes on
the fault dued regional earthquake. It should fag&eninto account that significance of stress
transfer depends on the location, orientation and serstip-oi target faults. Previous studies
showed that changing @®eismic stress may have a lasting influence obability. Others

also suggest that transferring viselastic stress transfer can play a significant role over the
long term. Based on BPT, changingsmismic stress cannot affect the earthquake probability

for a long term and continuing pestismic relaation should be considered in earthquake
triggered models.

Based on this research, smaller and more frequent earthquakes in the GtfRecterg
component of a seismic hazard mda@yea more contribution to seismic hazard than an equal
contribution froma characteristic component. They concluded tra¢én atime-dependent
model without stress changing is considetbd,probability of earthquakeccurrencealters
notably (decreasing to approximately zero or increasing to several times the value-of time
independent ones). Moreover,-geismic stress changes can have a local influence on
earthquake probabilities, while post seismic effects can kredahing in both time and space,
finally, combining timedependent and timi@dependent sources, the seistmzard does not

change considerably.

2.11 Petersen et al(2007)

The hazard map of peak ground acceleration for 10%apilily of exceednce in 30 years
from the 2002 ational seismic hazard models obtained considering-thdependent and
time-dependent PSM are shown in Fig. .23 and Fig.2.14 respectively. Fig2.15is also
provided to show the difference between Ei3and Fig.2.14(a ratio map)Petersen, Cao et
al. 2007.
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Figure 2-13. Timeindependent (Poisson) map for rock sitedition 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 Model 3(Petersen, Cao et al. 2007

Figure 2-14. Timedependent map foock site condition and a 10% probability of exceedance in 30 years. This
map was developed by equally weighting three-tiegendent models{@ model 1, 2, and JPetersen, Cao
et al. 2007.


















































































































































































































































































































