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Mathematical  BackgroundMathematical  Background
Mathematical background is the total probability theorem (Cornell
(1968, 1971), Merz & Cornell (1973):( ) ( )

P(U>u|m R): probability that ground motion level u will be exceeded
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P(U>u|m,R): probability that ground motion level u will be exceeded,
given an earthq. of mag. m on a source at distance R from the site;
fM(m): probability distribution of magnitude,f ( ) y g
fR(R): probability distribution of site-source distance;

m0, mmax: lower and upper bound of magnitude, m0<m< mmax.

Summation over all seismic sources gives the anual rate of ground
motion exceedance:  max
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λi(m0): the annual rate of occurrence of earthquakes of magnitude
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greater than m0.



Mathematical  BackgroundMathematical  Background
Except probability distribution of the magnitude and site-to-source
distance, implementation of the PSHA also requires:p q

• A model to describe reliably the seismic activity rate in the region.

• A model to characterize the process that generates the ground• A model to characterize the process that generates the ground
motion.

 Diff t h d di ti i h d th th Different approaches proposed, are distinguished on the way they
model seismicity within an area: assuming the earthquake rate of
occurrence is uniform throughout (source zone approach), oroccurrence is uniform throughout (source zone approach), or
considering it as spatial variable (gridded seismicity: spatially
smoothed, kernel methodology).

 Intensive efforts are made last years to derive new predictive
ground motion models (PGMM) using a much more larger database
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g ( ) g g
(Europe-Middle East, USA (NGA project), Japan).



General  methodologyGeneral  methodology
Generally, four different classes of earthquake source models are used
(NSHM, USGS, 2008):( )
1) Smoothed gridded seismicity,
2) Uniform background source zones,) g ,
3) Geodetically derived source zones,
4) Faults.) Faults.

The first two models are based on the earthquake catalog and
characterize the hazard from earthquakes between M5 and M6 5 7 0characterize the hazard from earthquakes between M5 and M6.5-7.0.

The geodetically derived source zones are used to assess the hazard
b t M 5 d th l t t ti l th k i ibetween M6.5 and the largest potential earthquake in a region.

Faults mostly contribute to the hazard for earthquakes stronger than
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M6.5.



SeismicitySeismicity--Derived Hazard ComponentDerived Hazard Component

Random seismicity-derived sources account for two types of earthq.:
1) those that occur off known faults, and1) those that occur off known faults, and
2) moderate-size earthquakes that are not modeled on faults.
The gridded-seismicity models are based on historical earthquakesThe gridded seismicity models are based on historical earthquakes
and account for the observation that stronger earthquakes occur at
near clusters of previous smaller earthquakes.

 Uniform background zones account for the possibility of future
random seismicity in areas without historical seismicity and establishy y
a floor to the seismic –hazard calculations.

 Special zones allow for local variability in seismicity characteristicsp y y
within a zone (change in b-value, changes in Mmax, depth, etc.).

These models are combined together to account for the suite of
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g
potential earthquakes that can affect a site.



Practical  implementationPractical  implementation

Application of PSHA requires a homogenous catalog of historical
h k d i i f ibl f l d h kearthquakes, a description of possible faults and earthquake sources,

the parameters describing seismicity for those faults and earthquake
sources and appropriate PGM models in regionsources, and appropriate PGM models in region.

 Seismicity models require a declustered earthquake catalog of
independent events for calculation of Poissonian (time-independent)
earthquake rates.

 Completeness levels have to be estimated from the catalog, and
parameters of magnitude-rate distribution (b-values and annual
seismic activity rate) are computed using a MLE method that
accounts for variable completeness. The uncertainty in the

it d t b t k i t t
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magnitudes must be taken into account.



Practical  implementationPractical  implementation
To calculate the hazard from a particular source, usually a doubly-
truncated exponential or G-R mag.-frequency distribution is used.p g q y

Seismicity rate parameters (a- and b-values) are obtained from
analysis of the catalog For the gridded-seismicity models theanalysis of the catalog. For the gridded seismicity models, the
earthquake rates determined for cells are spatially smoothed using a
two-dimensional Gaussian smoothing operator (Frankel, 1995)g ( )
and/or an elliptic rupture-oriented function (Lapaine et al., 2002).

The hazard is calculated for potential earthquakes at each grid cell.The hazard is calculated for potential earthquakes at each grid cell.
Earthquakes smaller than M6.0 might be characterized as point
sources at the center of each cell, whereas earthquakes larger than
M6 assume hypothetical finite vertical or dipping faults centered on
the source grid. Lengths of the finite faults are determined using the
l t l ti (W ll d C ith) f f lti t l
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relevant relations (Wells and Coppersmith) for faulting styles.



Estimating Seismicity ratesEstimating Seismicity rates

 In light of the recently well established spatial variability in b-values,
the choice is between an overall constant b-value as done usually inthe choice is between an overall constant b-value, as done usually in
USA (NSHM project), and large variability of b-values in regional
zonations which are often simply statistical variations due to thezonations, which are often simply statistical variations due to the
small sample sizes.

 Source zone approach requires to assess the b-value for small areas,
due to the hypothesis of uniform seismicity within a zone. Thisy y
induces undue fluctuations of b particularly in zones of low
seismicity.y

 Smoothed seismicity models generally use constant b-values for
l i l l
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relatively large areas;



Maximum magnitudeMaximum magnitude

 ItIt isis thethe mostmost difficultdifficult parameterparameter toto bebe assessedassessed becausebecause thethe databasedatabase
toto derivederive itit isis statisticallystatistically veryvery limitedlimited MM shouldshould bebe relativelyrelativelytoto derivederive itit isis statisticallystatistically veryvery limitedlimited.. MMmaxmax,, shouldshould bebe relativelyrelatively
large,large, becausebecause bigbig earthquakesearthquakes maymay havehave veryvery largelarge returnreturn periodsperiods
thatthat sometimessometimes exceedsexceeds 1000010000 yearsyears andand probablyprobably areare notnot evidencedevidencedyy p yp y
inin thethe historicalhistorical oror geologicalgeological documentsdocuments..

TheThe estimationestimation ofof MM toto somesome extentextent shouldshould reflectreflect thetheTheThe estimationestimation ofof MMmaxmax toto somesome extentextent shouldshould reflectreflect thethe
uncertaintiesuncertainties thatthat associateassociate thisthis parameterparameter..

MM h ldh ld tt diffdiff tt hh thth ifif thth ttMMmaxmax shouldshould notnot differdiffer toto muchmuch amongamong thethe zoneszones ifif therethere areare notnot
fundamentalfundamental differencesdifferences betweenbetween tectonictectonic regionsregions thatthat wouldwould justifyjustify aa
differentdifferent behaviorbehavior inin regardregard toto thethe expectedexpected maximummaximum magnitudemagnitudedifferentdifferent behaviorbehavior inin regardregard toto thethe expectedexpected maximummaximum magnitudemagnitude..

 MMmaxmax andand thethe recurrencerecurrence parametersparameters shouldshould bebe calculatedcalculated inin globalglobal
dd ff i t t ii t t i
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aandnd fforor everyevery seismotectonicseismotectonic zonezone..



Predictive Ground Motion ModelsPredictive Ground Motion Models

GMPEGMPE--ss relaterelate thethe sourcesource characteristicscharacteristics ofof thethe earthquakeearthquake andand
propagationpropagation pathpath ofof thethe seismicseismic waveswaves toto thethe groundground motionmotion atat aa sitesite..p p gp p g pp gg
TheThe PGMPGM isis typicallytypically quantifiedquantified inin termsterms ofof aa medianmedian valuevalue (a(a
functionfunction ofof magnitude,magnitude, distance,distance, stylestyle ofof faulting,faulting, andand otherother factors)factors)
dd b bilib bili d id i f if iandand aa probabilityprobability densitydensity functionfunction..

NewNew PGMEPGME areare proposedproposed recentlyrecently forfor ourour regionregion ((CauzziCauzzi && FaccioliFaccioli
20082008,, BindiBindi etet alal.. 20092009,, AkkarAkkar andand BommerBommer 20102010))..

NewNew attenuationattenuation relationsrelations areare proposedproposed inin thethe frameworkframework ofof NGANGAp pp p
projectproject (USA)(USA).. TheyThey representrepresent significantsignificant advancementsadvancements usingusing aa
largerlarger standardstandard datasetdataset ofof groundground motions,motions, andand sourcesource andand pathpath
parametersparameters..

TheThe groundground motionmotion cancan bebe calculatedcalculated forfor variousvarious PGMEPGME relations,relations,
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andand thenthen resultsresults cancan bebe combinedcombined usingusing aa weightedweighted logiclogic treetree analysisanalysis..



Uncertainty  investigationUncertainty  investigation

PSHAPSHA considersconsiders onlyonly thethe inherentinherent randomrandom uncertaintiesuncertainties (“(“aleatoryaleatory””
i i )i i ) i ii i dd l ll l hh i ii iuncertainties),uncertainties), integratingintegrating overover randomnessrandomness toto calculatecalculate thethe seismicseismic

hazardhazard curvecurve;; thisthis isis whatwhat isis meantmeant byby “annual“annual probabilityprobability ofof
exceedanceexceedance””exceedanceexceedance ..

DueDue toto inadequacyinadequacy oror lacklack ofof availableavailable datadata andand incompleteincomplete
understandingunderstanding ofof earthquakeearthquake andand groundground--motionmotion generatinggenerating
processes,processes, itit isis difficultdifficult toto specifyspecify thethe variousvarious inputinput modelsmodels andand theirtheir
parametersparameters withoutwithout anyany uncertaintyuncertaintyparametersparameters withoutwithout anyany uncertaintyuncertainty..

TheThe largelarge uncertaintiesuncertainties inin seismicseismic hazardhazard areare notnot aa defectdefect ofof methodmethod..
TheyThey resultresult fromfrom lacklack ofof knowledgeknowledge aboutabout earthquakeearthquake causes,causes,
characteristics,characteristics, andand groundground motionsmotions.. PSHAPSHA onlyonly reportsreports thethe effectseffects
ff thth t i tit i ti itit dd tt tt dd thth
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ofof thesethese uncertainties,uncertainties, itit doesdoes notnot createcreate oror expandexpand themthem..



Uncertainty  investigationUncertainty  investigation

UncertaintiesUncertainties inin interpretationsinterpretations cancan bebe handledhandled explicitlyexplicitly throughthroughpp p yp y gg
multiplemultiple hypothesis,hypothesis, leadingleading toto uncertaintiesuncertainties inin seismicseismic hazardhazard..

Usually,Usually, PSHAPSHA usesuses thethe logiclogic--treetree methodologymethodology toto quantifyquantify thethe effecteffect
ofof thesethese additionaladditional uncertainties,uncertainties, termedtermed asas “epistemic”“epistemic” uncertaintiesuncertainties..

ToTo accountaccount forfor thethe effecteffect ofof thethe epistemicepistemic uncertainties,uncertainties, thethe basisbasis
PSHAPSHA hh tt bb f df d ff llll thth bi tibi ti ff i ti t l dil diPSHAPSHA havehave toto bebe performedperformed forfor allall thethe combinationscombinations ofof inputinput leadingleading
toto variousvarious endend branches,branches, andand resultingresulting hazardhazard curvescurves areare assignedassigned thethe

didi i hi h ThTh bb dd d fid fi hh hhcorrespondingcorresponding weightsweights.. TheseThese cancan bebe usedused toto definedefine thethe meanmean oror thethe
medianmedian hazardhazard curve,curve, asas wellwell asas thethe hazardhazard curvescurves withwith desireddesired
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confidenceconfidence intervalsintervals..



Software  for PSHASoftware  for PSHA
Software to be used in the framework of BSHAP project has to
provide the features presented in the above presentation. It is difficultp p p
to have all these features implemented in a single computer code.

Various PSHA computer codes are in use (FRISK88MTM EZ-FRISKVarious PSHA computer codes are in use (FRISK88M , EZ FRISK,
Crisis 2007, OHAZ, etc.). NSHM project (USGS) has made public the
source codes they use for the national seismic hazard maps of USA.y

The main difference between these codes stands in the way they
estimate the seismic activity rate:estimate the seismic activity rate:
• Source zone approach: the rate of occurrence is assumed uniform
within the source zones; therefore every location within the area; y
has equal probability that an event will occur. This hypothesis is
often in open conflict with spatial distribution of the earthquake
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epicenters.



Software  for PSHASoftware  for PSHA

Gridded (random) seismicity: Seismic activity rate is considered as
spatial variable within the source zones; only the slope (b value) ofspatial variable within the source zones; only the slope (b-value) of
the G-R mag-frequency distribution is constant throughout the zone.

 h dd d h d d In our opinion, the gridded seismicity approach provide an easy and
much more realistic modeling of the seismicity, avoiding the strong
requirement of the uniform seismicityrequirement of the uniform seismicity.

Starting from 1996 (1996, 2002-2003, and 2008-2009 editions) the
i l i i h d f h USA il d i idd dnational seismic hazard maps of the USA, are compiled using gridded

seismicity, considering also the contribution of specific faults that
might generate events withMW greater than 6 5might generate events withMW greater than 6.5.

Computer code OHAZ, used for hazard calculation in the BSHAP
j t i b d th th d idd d i i it th d l
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project, is based on the smoothed-gridded seismicity methodology.



OHAZ SoftwareOHAZ Software
Seismicity rates are determined by counting earthquakes in each grid
cell (user specified dimensions) and adjusting for completeness,( p ) j g p
giving a maximum-likelihood estimate of the local rate. The
recurrence parameters are obtained from analysis of the earthquake

l h d bl d i l h l licatalog; the doubly truncated-exponential or the log-linear
magnitude-frequency distribution is supported.

S thi  p d  f  th  idd d tSmoothing procedure of  the gridded rates:
• Two-dimensional spatial Gaussian smoothing accounts for
earthquake epicenter location uncertaintiesearthquake epicenter location uncertainties.

• Elliptical smoothing (Lapajne et al. 2003) enables the rupture-
oriented smoothing following orientation of the earthquakeoriented smoothing, following orientation of the earthquake
generation tectonic faults in the region. The fault type, strike and
the weight of a certain faults for each seismotectonic zone are
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specified in a special seismotectonic file.



OHAZ SoftwareOHAZ Software

BasedBased onon thethe smoothedsmoothed seismicityseismicity rates,rates, andand applyingapplying appropriateappropriate

PGMPGM models,models, programprogram calculatescalculates probabilisticprobabilistic hazardhazard curvescurves thatthat

depictdepict thethe annualannual frequencyfrequency ofof exceedanceexceedance atat givengiven groundground--motionmotiondepictdepict thethe annualannual frequencyfrequency ofof exceedanceexceedance atat givengiven groundground motionmotion

levelslevels.. ToTo obtainobtain aa probabilityprobability fromfrom anan annualannual frequencyfrequency ofof

dd ll ll ddexceedanceexceedance,, OHAZOHAZ appliesapplies thethe PoissonPoisson probabilityprobability distributiondistribution..

 ByBy interpolatinginterpolating thethe hazardhazard curvescurves atat thethe annualannual frequencyfrequency ofof

exceedanceexceedance specifiedspecified byby thethe user,user, thethe hazardhazard mapsmaps areare obtained,obtained, whichwhich

representrepresent thethe spatialspatial variabilityvariability ofof thethe groundground motionmotion parameterparameter

takentaken intointo considerationconsideration
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takentaken intointo considerationconsideration..



OHAZ SoftwareOHAZ Software

 OHAZOHAZ enablesenables thethe selectionselection fromfrom aa rangerange ofof EuropeanEuropean--MiddleMiddle EastEast
((AmbraseysAmbraseys etet alal 19961996 SabetaSabeta && PugliesePugliese 19961996 BergeBerge--ThierryThierry etet alal((AmbraseysAmbraseys etet alal.. 19961996,, SabetaSabeta && PugliesePugliese 19961996,, BergeBerge--ThierryThierry etet alal..
20032003,, AmbraseysAmbraseys etet alal.. 20052005,, BindiBindi etet alal..20092009,, AkkarAkkar && BommerBommer 20102010,,
etcetc )) andand worldworld widewide ((BooreBoore etet alal 19971997 BooreBoore andand AtkinsonAtkinson 20082008etcetc..),), andand worldworld--widewide ((BooreBoore etet alal.. 19971997,, BooreBoore andand AtkinsonAtkinson 20082008,,
CauzziCauzzi && FaccioliFaccioli 20082008,, etcetc..)) predictivepredictive groundground--motionmotion equationsequations..

DifferentDifferent alternativesalternatives maymay bebe consideredconsidered aboutabout fundamentalfundamental
hypothesishypothesis onon inputinput parametersparameters toto accountaccount forfor andand toto propagatepropagateyy gg
uncertaintiesuncertainties inin thethe modelmodel withinwithin aa logiclogic--treetree frameworkframework..

OHAZOHAZ ii f i dlf i dl Wi dWi d ff ItIt ii j i tj i t t ib tit ib ti ffOHAZOHAZ isis useruser--friendlyfriendly WindowsWindows softwaresoftware.. ItIt isis aa jointjoint contributioncontribution ofof
EnvironmentalEnvironmental AgencyAgency ofof thethe RepublicRepublic ofof SloveniaSlovenia andand thethe InstituteInstitute ofof
G iG i ff Alb iAlb i hh BS APBS AP P jP j
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GeosciencesGeosciences ofof AlbaniaAlbania toto thethe BSHAPBSHAP ProjectProject..



BSHAP implementationBSHAP implementation

GridGrid 1010xx1010 km,km, areaarea [[1212..55°°--2424..55°°EE,, 3838°°--4747..55°°NN]]..
TheThe seismicityseismicity raterate ((MM00==44..00)) inin everyevery gridgrid--cellcell waswas calculatedcalculated.. ThenThenTheThe seismicityseismicity raterate ((MM00 44..00)) inin everyevery gridgrid cellcell waswas calculatedcalculated.. ThenThen
spatiallyspatially smoothingsmoothing usingusing aa 22--DD GaussianGaussian smoothingsmoothing operatoroperator withwith
correlationcorrelation distancedistance 2020 km,km, andand anan ellipticalelliptical smoothingsmoothing orientedoriented
accordingaccording toto thethe mainmain tectonictectonic faultsfaults inin thethe seismotectonicseismotectonic zoneszones..

FourFour PGMEPGME areare usedused:: AkkarAkkar && BommerBommer 20102010 (weight=(weight=00..33),), BBindiindi etet( g( g ))
alal.. 20092009 (weight=(weight=00..22),), CauzziCauzzi && FaccioliFaccioli 20082008 (weight=(weight=00..33),), BBooreoore &&
AtkinsonAtkinson 20082008 (weight=(weight=00..22))..

HazardHazard curvescurves atat thethe nodesnodes ofof thethe gridgrid coveringcovering AlbaniaAlbania ((1313..55°°--
2323..55°°EE,, 3399°°--4747..00°°NN));; integrationintegration rangerange -- MMWW:: 55..00--MMmaxmax ofof thethe zonezone..

SeismicSeismic hazardhazard mapsmaps forfor PGA,PGA, etcetc..((1010%% PEPE inin 1010 years,years, andand 1010%% PEPE
inin 5050 years)years) areare calculatedcalculated..
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MappingMapping softwaresoftware:: GMTGMT (version(version 44..55..55))..



Th k Y !Thank You !
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