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PREDGOVOR

Zemljotresi 26. 1 27. oktobra 1969. godine na povrsini od
9.000km2, ostvarili su seizmicki intenzitet 7°, 8° i 9°
skale MCS. U Banjoj Luci i 15 Krajiskih opstina
poginulo je 15, a teze i lakSe povrijedeno 1117 ljudi.
Poruseno je ili jako oStec¢eno 86.000 stanova, 266 Skola i
592 kulturna, zdravstvena, socijalna i privredna objekta.
Zemljotres od 26. oktobra shvaéen je i kao moguca
najava glavnog, znatno jaceg udara, koji se narednog
dana i dogodio, ali je ve¢ vecina zitelja bila pod vedrim
nebom, u parkovima, poljanama, ... To je bila sreca u
nesreéi, pa je broj poginulih i povrijedenih relativno mali
u poredenju sa ruSilackom snagom katastrofalnog
zemljotresa od 27. oktobra.

U proslosti je zabiljezeno vise jakih zemljotresa, koji su u Banjalu¢kom podrucju, izazivali
pravu pustos, ali je Banja Luka, ponovo, iz ruSevina i pepela, izrastala u jo$ veci i ljepsi grad.
Danas Banja Luka ima preko 250.000 stanovnika, §to je skoro Cetiri puta vise nego u vrijeme
zemljotresa od prije 40 godina, a urbani dio grada prosirio se za pet puta. Banja Luka je
sjediste Republike Srpske, entiteta Bosne i Hercegovine.

Uvjereni smo da ¢e ova Konferencija, koja se odrzava povodom 40 godina od zemljotresa koji
je pogodio Banja Luku, biti pravo mjesto za sumiranje znanja i iskustva iz zemljotresnog
inZzenjerstva i da ¢e, u tom pogledu, dati svoj doprinos razvoju ne samo u regionu i podruc¢ju
Balkana, ve¢iu Evropi pa i u svijetu. Imajuc¢i u vidu znacajan broj prispjelih nau¢no-stru¢nih
radova medu ¢ijim autorima se nalazi i veci broj, danas u svijetu, veoma poznatih imena iz
zemljotresnog inZenjerstva, Konferencija ¢e biti vrlo aktuelna za sve struke u graditeljstvu, a
posebno za inzenjere koji se bave istrazivanjem, planiranjem, urbanizmom, projektovanjem,
izvodenjem, nadzorom i odrzavanjem gradevinskih objekata i sistema, ali ¢e biti vrlo znacajna
i za organe vlasti — donosioce odluka, zasnivane na smanjenju seizmickog rizika.

Banja Luka je poznata po svom gostoprimstvu i otvorenosti i oduvijek je bila doma¢in mnogim
uglednim li¢nostima i delegacijama. Na$ grad je pretrpio mnoge posasti i promijenio mnogo
svojih lica, ali bogatstvo koje se mjeri spomenicima, reprezentativnim arhitektonskim
nasljedem, prirodnim ljepotama i bogatim iskustvom njegovih gradana ostaje da plijeni i
docekuje goste i danas.

Na kraju, zelim da Vam svima izrazim zahvalnost u ime Grada i li¢no, §to ste, Vasim odzivom,
omogucili odrzavanje ove Konferencije, a posebno autorima saopstenja koja su publikovana u
Zborniku radova. Takode, izrazavam zahvalnost c¢lanovima Nauc¢nog i Organizacionog
komiteta koji su svojim zalaganjem ucinili da se ovaj skup odrzi na vrlo zavidnom nivou.

Sa posebnim zadovoljstvom, zelim Vam dobrodoslicu i prijatan boravak u Banjoj Luci.

Dragoljub Davidivié¢
Gradonacelnik Banja Luke

7. Wity
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FORWARD

The earthquakes that struck Banja Luka on October 26 and 27 1969, affected the area of 9 000
km? with seismic intensities of 7°, 8° and 9° on the MCS scale, and left 15 killed and 1117
severely and slightly injured in Banja Luka and in fifteen other municipalities of the Krajina
Region. Eighty-six thousand apartments, 266 schools and 592 cultural, health, social and
public facilities were completely destroyed or severely damaged by this disaster. The first
earthquake of October 26 was interpreted to be a foreshock of the main, considerably stronger
event, which in fact occured the following day. At the time, most of the inhabitants were
already out in the open, which turned out to be most fortunate as the number of the killed and
injured did not increase in proportion to the destructive force of the second devastating
earthquake on October 27th.

Several strong earthquakes were registered in the past and some of them destroyed the area of
Banja Luka. In spite of this, the city grew from the ruins and ashes to become even bigger and
more beatiful. There are more than 250 000 inhabitants in Banja Luka today, which is almost
four times more than forty years ago. The urban area of the city is now five times larger than
what it used to be. Today Banja Luka is the administrative center of the Republic of Srpska,
which is one of the two entities in Bosnia and Herzegovina.

We beleive that this Conference, which is taking place on the occasion of the fortyeth
anniversary of the earthquake, is the ideal place for reviewing the knowledge and experience in
the field of earthquake engineering, and that this conference will contribute to further
developments not only in our region and the Balkans, but also in Europe and in the world.
Judging from the significant number of the scientific and expert papers we received, from
distinguished authors in the field of earthquake engineering worldwide, the Conference will
address the state of the art and will be most informative for all civil engineering prifessionals,
and in particular for the engineers dealing with research, urban planing, design, supervision
and managing the construction sites and systems. Furthermore, the Conference will prove very
useful for the local city and government officials.

Having welcomed and hosted many distinguished visitors and delegations so far, Banja Luka
has always been known for its hospitality and openness. Our city suffered many calamities and
changed its appearence many times, but its treasures, which are reflected in its monuments,
architectural heritage, beautiful natural envoronment, and rich experience of its citizens, will
continue to attract and to host its dear guests.

In conclusion, allow me to express my gratitute to you personally and on behalf of the City of
Banja Luka for your willingness to participate, and which made this Conference possible. I
would also like to thank the members of the Scientific and Organizational Committees, who
helped to make it possible for this event to take place and at suh an advanced level.

It is with great pleasure that I extend my cordial welcome to all of you, and wish you the most
enjoyablet stay in Banja Luka.

Dragoljub Davidivié¢
Mayor of Banja Luka

7. ity
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IZBOR TEMA 1Z ZEMLJOTRESNOG INZENJERSTVA -
OD ZARISTA DO SEIZMICKOG PROJEKTOVANJA 1 UBLAZAVANJA HAZARDA

SELECTED TOPICS IN EARTHQUAKE ENGINEERING -
FROM EARTHQUAKE SOURCE TO SEISMIC DESIGN AND HAZARD MITIGATION

by

F. Aptikaev, G. Costa, 1. Gupta, V. Gupta, M Fischinger, D. Herak, M. Herak, H. Iemura, T.
Isakovic, A. Kappos, D. Kumar, M. Kumar, J. Liang, L. Moratto, P. Suhadolc, M. Todoovska,
and M. Trifunac (Editor)

Rezime

Ova knjiga sadrzi jedanaest koordinisanih radova koji pocinju razmatranjem problema
zemljotresa sa istrazivanjem i opisom seizmoloskih i geofizic¢kih svojstava jednog regiona,
atenuacije seizmickih talasa i kartiranja regionalnog seizmickog rizika. Zatim je dat pregled
literature o klasi¢nom inzenjerskom pristupu analizi seizmickog dejstva na objekte kroz
spektre odgovora i pokazano je kako se te metode koriste u inzenjerskom projektovanju zgrada
i mostova. Takodje su opisani interakcija zgrada-tlo, pracenje stanja kontrukcije i kontrola
odgovora konstrukcije. Na kraju, kroz primere kartiranja seizmickog hazarda, i seizmicka
merenja za vreme zemljotresa pokazano je kako se moze organizovati brza pomo¢, ublaziti
posledice katastrofe i saniranje razornih posledica zemljotresa.

Summary

We present eleven coordinated papers, which begin with the investigations of seismological
and geophysical characteristics of a region, attenuation of seismic waves, and mapping of
regional seismic hazard. We then review the classical engineering description of seismic action
on man-made structures in terms of the response spectra and floor response spectra, show how
those are used in engineering design of buildings and bridges, and describe the advanced
subjects of soil-structure interaction, structural health monitoring and structural control. Finally
through the examples of how to construct the shake-maps we show how the real time
measurement and interpretation of seismic motions can be used to help in disaster mitigation
and post earthquake recovery.

UvOD

Jedanaest radova u ovoj knjizi pripremljeni su povodom cetrdesetogodi$njice razornog
zemljotresa koji je zadesio Banja Luku, u Bosni i Hercegovini, 1969. godine. Materijal u ovim
radovima prezentiran je ucesnicima konferencije u Banja Luci, 26. do 28. Oktobra 2009.
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godine. Materijal je tematski izlozen kroz ilustraciju najznacajnih mera koje svako drustvo
treba da preduzme da se zastiti od katasrofa koje prouzrokuju silni zemljotresi. U okviru svojih
specijalnosti, autori su pripremili iscrpnu literaturu koja ce pomoci svima koji zele da dalje i
temeljnije prouce ovu oblast.

Serija radova zapocCinje opisom seizmicnosti u oblasti zapadnog dela Baklanskog poluostrva,
sa centrom u blizini Banja Luke. Analiza seizmicnosti kao preduslov za procenu potresne
opasnosti u Bosni i Hercegovini, autora M. Herak-a i D. Herak, ne samo da postavlja osnove za
kasnije studije atenuacije seizmickih talasa i kartiranja hazarda u ovom podrucju, veé
predstavlja i prvi znacajan pokusaj da se objedine dostupni podaci iz razlicitih seizmoloskih i
geofizickih baza podataka u jedinstveni i koherentni opis seizmicke aktivnosti u ovom regionu.
Zatim sledi rad Pregled empirijskih ocena silnog pomjeranja za analizu seizmickog hazarda
autora F. Aptikaeva, u kome on opisuje kako se moze pristupiti studiji atenuacije i navodi
primere, koji proizilaze iz analiza regresija na osnovu zabelezenih akcelerograma regionalnih
jakih zemljotresa, koje treba koristiti za sva predvidanja silnog kretanja za izgradnju znacajnih
objekata u Bosni i Hercegovini. U treCem radu, Metode za kartiranje seizmickog hazarda
autora I. D. Gupte, opisuju se moderne metode kartiranja seizmickog hazarda. U njemu se
opisuju procedure za proracun spektara uniformnog hazarda za probabilisticku formulaciju
kriterijuma za projektovanje znacajnih objekata, kao i za pripremu karti seizmi¢kog mikro- i
makro-zoniranja, od kojih treba krenuti u svakoj izradi regionalno specifiénih propisa za
seizmicko projektovanje.

U cCetvrtom radu, Spektar odgovora: pre, sada i u buducnosi, autora M. Trifunca, dat je kratak
istoriski osvrt na proces formiranja inzenjerske metodologije za seizmi¢ko projektovanje na
bazi spektra odgovora, a zatim opis ograni¢enja te metode, i izlozeni su moguci pravci za
buduci razvoj metoda projektovanja, posebno za podrucja koja se nalaze blizu aktivnih raseda.
Potom slede dva rada u kojima se opisuje pristup projektovanju na bazi propisa, sa posebnim
osvrtom na nova pravila u Evrokodu 8. U radu Projektovanje seizmicki otpornih zgrada, autor
A. Kappos raspravlja o primeni Evrokoda 8 u projektovanju zgrada, dok u radu Projektovanje
mostova za uticaj zemljotresa, autori T. Isakovi¢ i M. Fischinger razmatraju istu temu, ali za
mostove. Ova dva rada su od posebnog interesa za inzenjere projektante, obzirom da autori
izlazu dragocene podatke o tome kako najbolje tumaciti, a zatim primeniti procedure
projektovanja propisima, na osnovu njihovih dugogodisnjih prakti¢nih iskustava. U sedmom
radu, Maksimalna ubzanja na spratovima visespratnih zgrada, autori V. K. Gupta, M. Kumar i
D. Kumar daju pregled metoda i najbolje altenative za seizmicko projektovanje opreme za
treSenje prouzrokovano silnim zemljotresima u visespratnim zgradama.

U radu Seizmicka interakcija zgrada-tlo: pregled literature, autor J. Liang daje prvi od tri
primera novijih tema u zemljotresnom inZenjerstvu, koje smo odabrali za ovaj skup od
jedanaest radova. Liang daje sistematski i bogat pregled literature u oblasti interakcije zgrada-
tlo i u srodnim oblastima koje se bave odbijanjem i difrakcijom seizmickih talasa u
nehomogenim slojevima blizu povrsine tla. Zatim sledi rad Pracenje stanja konstrukcije autora
M. Todorovske i M. Trifunca, koji daju pregled novijih metoda za praéenje stanja konstrukcije,
sa posebnim osvrtom na metode za pracenje stanja za vreme zemljotesa u izgradenim
objektima. U desetom radu, Projektovanje seizmicke otpornosti novim metodama — Iskustva iz
Kobe zemljotresa 1995. u Japanu, autor H. Iemura opisuje moderne metode kontrole odgovora
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konstrukcije i opisuje kako su oSteéenja koja su nastala nakon jakih zemljotresa u Japanu
doprinela razvijanju modernih metoda projektovanja.

U radu pod nazivom Ocene silnog pomeranja kroz mape treSenja i scenarije, autora L.
Moratto, G. Costa i P. Suhadolc, dat je opis savremenih metoda koje seizmolozi koriste za
distribuciju informacija u priblizno stvarnom vremenu, o geografskom rasporedu razornog
treSenja za vreme silnih zemljotresa. Ove informacije su od posebnog interesa za sve koji
organizuju hitnu pomoc i pomazu vatrogascima i ostalim timovima za hitno delovanje posle
zemljotresa da optimalno rasporede njihove aktivnosti spasavanja.

Na kraju svakog rada posvecena je po jedna strana kratkoj biografiji autora koji su odrzali
predavanja. Tu je opisana njihova stru¢nost i dati se podaci za kontakt, kao 1 veb adrese gde se
mogu naci dalje veze za publikovan materijal.

Autori ove serije radova Zele da se zahvale organizatorima konferencije na pozivu da ucestvuju
i da doprinesu ovom skupu za obelezavanje Cetrdesete godiSnjice zemljotresa u Banja Luci
1969. godine, a posebno Organizatoru — Gradu Banja Luka, sa suorganizatorima Zavod za
izgradnju Banja Luke (ZIBL) i Institutu za Zemljotresno InZenjerstvo i InZenjersku
Seizmologiju (IZIIS) iz Skoplja. Zahvaljujemo se Predsedniku Organizacionog komiteta
Konferencije (OK) gospodinu Dragoljubu Davidoviéu, i posebno ¢lanovima OK gospodinu
Cedi Saviéu i Profesoru Mirku Aciéu, za njihovu viziju i podriku kojom su omoguéili
odzavanje ovog skupa.

Na kraju, urednik ove knjige izrazava svoju zahvalnost svim autorima za njihovo strpljenje,
vreme koje su odvojili za pisanje radova, kao i njihovu spremnost za saradnju i da
blagovremeno odgovore na njegove brojne zahteve. Napisali su odlicne preglede koji ¢ée
posluziti kao dobra polazna tacka svima koji Zele da saznaju o vaznim i neispitanim
problemima, kao i o tome u kom pravcu je dobro krenuti sa novim istrazivanjima u modernom
zemljotresnom inZenjerstvu.

INTRODUCTION

The following eleven papers have been prepared for the occasion of the 40" anniversary of the
destructive earthquake, which shook Banja Luka, in Bosna and Hercegovina in 1969. The
papers were presented during the conference held in Banja Luka, from 26 to 28 October of
2009. Thematically the material presented has been designed to illustrate the key steps, which
every society must undertake to protect itself from devastation caused by strong earthquake
shaking. Within their areas of specialty the contributors have strived to assemble a
representative list of references, which should be helpful for those who wish to peruse the
subject in greater depth.

The series begins with the paper, which describes seismicity in the area of the western Balkan
Peninsula, roughly centered near Banja Luka. Analysis of Seismicity as input for earthquake
hazard studies in Bosna and Hercegovina, by M. Herak and D. Herak not only sets the
foundation for the subsequent analyses of attenuation of seismic waves, and for the hazard
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mapping in this area, but it is also the first comprehensive attempt to unify the presently
available data from different seismological and geophysical databases into a uniform and
coherent description of seismic activity in this region. This is followed by the Review of
empirical scaling of strong ground motion for seismic hazard analyses by F. Aptikaev, who
presents a general discussion on how the attenuation studies could be approached, and lists the
relevant results of such studies, developed through regression analyses based on the regionally
recorded strong motion accelerograms, which should be used in all site specific specifications
of design motions for important structures in Bosna and Hercegovina. The third paper, Seismic
hazard mapping methodologies, by 1. D. Gupta describes the general modern methodology for
seismic hazard mapping. It describes procedures for computation of Uniform Hazard spectra
for probabilistic formulation of site-specific design criteria for important structures, and for
preparation of seismic micro and macro zoning maps, which should be the starting point for the
development of regionally specific design codes as well.

The forth paper Response Spectrum: past, present and future, by M. Trifunac, reviews the
development and formulation of the engineering concept of the Response Spectrum, describes
the limitations of the spectral approach in the design of structures, and suggests the alternatives
for future design methods especially in the areas close to the earthquake fault. This is followed
by two papers, which describe the code design approach, with special attention focusing on the
new provisions contained in Eurocode 8. The paper Design of earthquake resistant buildings,
by A. Kappos discusses the implementation of Eurocode 8 in the design of buildings, while the
paper Design of earthquake resistant bridges, by T. Isakovi¢ and M. Fischinger does the same
for bridges. These two papers should be of particular interest for the design engineers, since the
authors provide invaluable details on how best to interpret and then implement the code design
procedures, based on many years of practical experience. The seventh paper Peak floor
accelerations in multistoried buildings, by V. K. Gupta, M. Kumar and D. Kumar reviews the
modern methods and presents the best alternatives for seismic design of equipment for shaking
by strong earthquakes in multistoried building.

The paper Seismic soil-structure interaction.: a review, by J. Liang, presents the first of the
three examples of advanced topics in earthquake engineering, which we chose to include
among these eleven papers. The paper presents a systematic and comprehensive review of
literature in the subject areas of soil-structure interaction and of the related topics dealing with
scattering and diffraction of seismic waves from inhomogeneities near ground surface. This is
followed by Structural health monitoring, by M. Todorovska and M. Trifunac, who review the
recently developed methods for structural health monitoring, with emphasis on real time
applications in full-scale structures. The tenth paper Earthquake resistant design with new
methods - Lessons from Kobe Earthquake, 1995, in Japan, by H. lemura, introduces the
modern methods for controlling the structural response during earthquake shaking, and
describes how the damage following major earthquakes in Japan has contributed to the
development of the modern design methods.

The paper Ground motion estimation using shakemaps and scenarios, by L. Moratto, G. Costa
and P. Suhadolc, describes the modern methods, which seismologists can use to provide near
real time information on the geographical distribution of destructive strong earthquake shaking.
This information is of particular interest to those who organize the early rescue operations, and

viii



helps fire fighters and other post-earthquake emergency teams to optimize their resources and
plan of action.

Following each paper we included a brief one page biographical sketch for the presenting
authors. This sketch describes their expertise, and includes the contact information and the web
address where further links to other published material can be discovered.

The authors of this series wish to thank the organizers of the conference for their kind
invitation to participate in this gathering, to mark the 40-th anniversary of 1969 earthquake in
Banja Luka, and in particular the Organizer — City of Banja Luka, and co-organizers Zavod za
izgradnju Banja Luke (ZIBL) and Institute for Earthquake Engineering and Engineering
Seismology (IZIIA) in Skopje. We thank the president of the Organizing Committee (OK) of
the conference Mr. Dragoljub Davidovié, and in paticular the membes of the OK Mr. Cedo
Savi¢ i Prof. Mirko Ac¢i¢, for their vision and support which made all this possible.

Finally, the editor of this book, expresses his sincere gratitude and thanks all the contributing
authors, for their patience, the time they contributed to write these papers, and for their
willingness to cooperate and to respond, on a timely basis, to his many demands. They wrote
excellent reviews, which should provide a valuable starting point for those who wish to learn
more about the challenges and where the new research is needed in modern earthquake
engineering.
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ANALIZA SEIZMICNOSTI KAO PREDUVJET ZA PROCJENU
POTRESNE OPASNOSTI U BOSNI I HERCEGOVINI

SaZetak:

Analiza seizmiénosti kljuéna je za pripremu podataka tijekom svake studije potresne
opasnosti. Najve¢im dijelom ona ukljuCuje analizu kataloga potresa, ali vazne
informacije pruzaju i arhivski podaci, karte inteziteta potresa, mehanizmi potresa, te
seizmotektonska, geoloska i paleoseizmoloska istrazivanja. U ovom prilogu
prikazujemo vrstu i kvalitetu podataka koji su dostupni za Sire podru¢je Bosne i
Hercegovine i Banja Luke. Prvenstveno smo se posvetili problemima povezanim s
kompilacijom i analizom kataloga potresa s podacima o seizmiénosti relevantnim za
ocjenu potresnoga hazarda u tom prostoru. Prikazane karte razdiobe osnovnih
statistiCkih parametara seizmi¢nosti mogu se izravno primijeniti za ocjenu potresne
opasnosti.

Kljucne rijeci: seizmicnost, katalog potresa, mehanizam potresa, aktivni rasjedi

ANALYSES OF SEISMICITY AS INPUT FOR EARTHQUAKE HAZARD
STUDIES IN BOSNIA AND HERZEGOVINA

Summary:

Analyses of seismicity provide fundamental data for any earthquake hazard study. In
the largest part they rely on available earthquake catalogues, but valuable data come
from historical records, intensity maps, seismotectonic, geological and palaeoseimic
studies, focal mechanisms of significant earthquakes, etc. Here we examine what
kind of data is available for the greater region of Bosnia and Herzegovina, especially
the Banja Luka area. We shall concentrate mostly on the problems related to the
compilation and analysis of a representative earthquake catalogue for the area whose
seismicity is relevant for PSHA of the region. The presented maps of spatial
distribution of basic earthquake recurrence parameters may be readily used for
seismic hazard assesment.

Key words: seismicity, earthquake catalogue, fault-plane solutions, active faults
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1 EARTHQUAKE CATALOGUES AND SEISMIC HAZARD
ASSESSMENT

Earthquake catalogue is the most basic prerequisite for any kind of earthquake hazard
estimation. In fact, should we have a complete catalogue for the period extending far back into
the past (tens of thousands of years), the problem of seismic hazard estimation would be
reduced to the attenuation studies for the region in question. Unfortunately, even the best
catalogues extend into the past only for an order of thousand years, and only for the most
destructive events. The problem of reliability of catalogue entries pertaining to ancient
earthquakes is also an important issue, but it is beyond the scope of this paper.

Probabilistic seismic hazard assessment (PSHA) relies in large part on the assumption that
seismicity of the past is representative of the future earthquake activity in a region. This is a
strong statement and should be valid in all of its aspects — magnitude-frequency relation,
spatial distribution of foci, focal mechanisms, temporal distribution, etc., should all be
stationary in time, to provide basis for extrapolation into the future. Extrapolations are
notoriously plagued with all kinds of pitfalls, and students are always warned to be extra
cautious if they need to resort to one. In the case of seismic hazard, nearly all preconditions to
apply extrapolation are violated — the time-span of data (catalogues) is often shorter than
average return periods of large earthquakes, catalogues are far from being homogeneous (in
time, space and magnitude), earthquakes do not obey the Poissonian model (foreshocks and
aftershocks), and seismicity is not stationary (for instance, the b-value in the Gutenberg-Richter
relation was shown to vary with time by e.g. Herak et al. [1], Wiemer and Wyss [2],
Westerhaus et al. [3], Enescu and Ito [4], Parsons [5]). In such circumstances, seismologists
must do their best to improve quality of the only part they can fully control — the catalogues.
This is done by critically consulting historical sources and by palaeoseismic studies, thus
extending them into the past as far as possible. The most important task, however, is to monitor
current seismicity of the region of interest and to constantly update the catalogues with as
complete and accurate records as possible. Catalogue revisions must be done on a regular basis.

1.1 AVAILABLE LOCAL AND REGIONAL CATALOGUES

The greater region of Bosnia and Herzegovina is among the most seismically active ones in
Europe. It also has a remarkable seismological tradition dating back into the 19" century, with
first instruments operating at the very beginning of the 20™ century. The names and work of A.
Mohorovici¢, A. Belar, J. Mihailovi¢, R. Kovesligethy, or V. Conrad are unavoidable when
describing seismicity and development of seismology in these parts of Europe. Interested
reader may find additional information on the early days of earthquake science in the region in
articles by Kozak and Plesinger [6], Plesinger and Kozak [7], Herak and Herak [8], etc. For
Croatia and its vicinity, in particular, a series of publications by M. Kispati¢ [9-13] about
historical earthquakes dating back over 2000 years, provides historical basis for all relevant
catalogue records from the pre-instrumental era.

In the second part of the 20™ century, there have been several attempts to compile local
earthquake catalogues. Here, we’ll only mention those relevant for the immediate vicinity of
Bosnia and Herzegovina. In Croatia, the catalogue compilation is done by the Geophysical
Institute (today part of the Department of Geophysics) in Zagreb. This work, initiated in the
framework of the “Balkan project” [14], and continued by D. Cvijanovi¢ [15], is today a
routine task and results in Croatian Earthquake Catalogue (CEC, [1]), which is updated on a



yearly basis (reports are published in a series of papers in Geofizika [16-21]). At present, about
25003500 new records are added each year. The catalogue comprises all of Croatia, Slovenia,
Bosnia and Herzegovina, and the neighbouring regions of Hungary, Italy and Montenegro. To
the best of our knowledge, this is at the same time the most representative, up-to-date, single

- = Vukovar

Figure I — Seismicity of Bosnia and Herzegovina and the neighbouring regions
(BC—2008) after the Croatian Earthquake Catalogue (CEC). Circles scale
with magnitude, the largest ones marking events with M, > 6.5.

catalogue for the territory of Bosnia and Herzegovina. In Slovenia, the only published
catalogue is the one from 1982 by Ribari¢ [22]. The Hungarian catalogue for the years 456—
1996, published by Zsiros et al. [23], is also regularly updated [24]. In Serbia, J. Mihailovi¢
presented its catalogue at the congress in Prague in 1927 (after Banjac [25]), but no systematic



effort (outside the regional ones, see below) to catalogue Serbian earthquakes has been
published ever since.

The most important seismicity research in the region has been done in the framework of the
so called Balkan Project in the 1970s, which resulted in an authoritative and representative
catalogue for the Balkan region [14], and which still provides — especially its historical part —
the basis for any serious seismicity research. This effort was followed by Shebalin et al. [26]
who compiled the catalogue for the SE Europe for the period 342 BC—1990. One should not
forget to mention Karnik’s European catalogues published in 1968 and 1971 [27, 28]. In
absence of recent local data, catalogues are often supplemented from the global ones
maintained by, e.g., NEIC, ANSS, or ISC [29-31].

1.1.1 The BSHAP catalogue

The NATO SfP 983054 3-year project “Harmonization of Seismic Hazard Maps for the
Western Balkan Countries, involving Albania, Bosnia and Herzegovina, Croatia, Macedonia,
Montenegro and Serbia” (BSHAP) started in 2007 [32]. The main objective of the project is
preparation of new seismic hazard maps of the region thus ensuring harmonization within the
region as well as compatibility with the European standards. One of the first tasks completed
was compilation of a representative earthquake catalogue, using all available data supplied by
the authorities from the participating countries and the publically available datasets. Croatia
was assigned duty to merge individual catalogues and produce an authoritative catalogue
suitable for the PSHA. Although sound arguments were put forward at the project meetings to
contribute national catalogues with no restrictions, it was finally agreed that lower magnitude
threshold will be 3.5, which was later-on lowered to 3.0.

The final catalogue is a compilation of 12 catalogues:

e  national contributions from the 6 participating countries (Serbian catalogue with the

M3.6 magnitude cut-off),

e the Greek (magnitude cut-off M = 4.5) and Romanian catalogue provided by the

colleagues from these countries,

e  [talian catalogues available on the internet [33] or recently published [34]

e  Hungarian catalogue by Zsiros [23]

e  catalogue for the SE Europe, Shebalin et al. [26]

e  Advanced National Seismic System (ANSS) catalogue [30].

Prior to merging, all catalogues were declustered (i.e. foreshocks and aftershocks were
removed) by using the temporal and spatial windows whose size increase with the mainshock
magnitude according to Table 1. All events occurring within time 7, after the mainshock and
within D,, km from its epicentre were declared aftershocks, and were removed from the
catalogue. The foreshocks were identified using the same spatial windows, but with 5 times
shorter time span. The particular window sizes used are the result of experience in years of
analyses of Croatian seismicity and turned out to produce the mainshock catalogues whose
complete parts are Poissonian at least on the 0.95 level of significance when tested by the
Anderson-Darling or the y’-tests They are intermediate between the values suggested by
Gardner and Knopoff, [35] and Knopoff [36]. Recently, the same approach (with somewhat
smaller windows) was used to study seismicity of NW Croatia by Herak et al. [37]. Alternative
and more elaborate procedures for declustering are described by e.g. Reasenberg [38], or
Molchan and Dimitrieva [39].



Table 1. Windowing parameters used to decluster catalogues. For M < 3.0 and M > 7.0, the
parameters are estimated by log-linear extrapolation. D,,— radius of circular window; T,, —
duration of aftershocks; T,,,, — duration of foreshocks.

M D, (km) T,(days) T,(years) M D, (km) T,(days) T,(years)
3.0 20.0 250  0.0684 52 457  190.1  0.5206
32 216 30.1  0.0823 54 493 2287 0.6260
34 232 362 0.0990 56 532 2750 0.7528
3.6 25.1 435  0.1190 58 573 3307 0.9053
3.8 270 52.3  0.1431 6.0 61.8 3976 1.0887
40 29.1 629  0.1721 62 66.6 4782 1.3092
42 314 75.6  0.2070 6.4 71.8 5750 1.5743
44 339 90.9  0.2489 6.6 774 6915 1.8932
46 365 1093  0.2993 6.8 835 831.6 22767
48 394 131.5  0.3600 7.0 90.0 1000.0 2.7379
50 424 1581  0.4329
min(D,,) =20.0 km, min(7,,) =25.0days, T,/T, =5.0

The resulting mainshock catalogues were merged,and duplicate events were identified as
those whose epicentres are closer than AR, their occurrence times are less than AT apart and
their magnitudes differ by AM or less (Table 2). As a rule the preference was given to the
record from the authoritative catalogue (the catalogue from the country where the epicentre is
located). The three exceptions were: Bosnia and Herzegovina, whose catalogue (except the few
events near Banja Luka) entirely consisted of data taken over from global catalogues, and
Slovenia and Bulgaria, for the territory of which no official catalogues were available in the
framework of the project. Therefore, for most events in Bosnia and Herzegovina and all in
Slovenia, the Croatian catalogue was considered authoritative. For Bulgaria, data were taken
entirely from other contributing catalogues, including the global ones. In case of events in the
border regions the coordinates, origin times and magnitudes were computed as weighted
averages of all contributing data, and weights were assigned depending on the distance from
the respective border. After removing duplicate events, the catalogue was declustered once
again.

Table 2. Maximal distances between epicentres (AR) and differences of origin times (AT)
and magnitude (AM) between pairs of main shocks from different catalogues to be declared
duplicates, as a function of time. Actual values are obtained by interpolation. Note that these
values cannot be applied to unclustered catalogues!

Year BC 1500 1700 1850 1920 1990 2010
AR < 100 km 100 km 50 km 50 km 50 km 45 km 45 km
AT < 10 days 5 days 1.5 days 2h 1 min 1 min 1 min
AM < 3.0 3.0 2.0 2.0 1.0 1.0 1.0




The current version (release C) of the BSHAP catalogue is under revision by the national
experts. It contains 10819 records for earthquakes (mainshocks only) with magnitudes M > 3.0
from the period 480 BC—2008, within the latitudes 39.0—47.5 °N and longitudes 12.5—24.5
°E. Figure 2 shows epicentres colour-coded to show their catalogue of origin.
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BSHAP - 2009

®  Albania ©  Hungary © Romania ¢« M=3
® Bosnia & Herzegovina ® Italy ® Serbia o M=5
@  Croatia ©  Macedonia ® Shebalin et al.

® Greece ® Montenegro ® ANSS M=7

Figure 2 — BSHAP (release C) preliminary catalogue (mains hocks only)

The magnitudes reported in the contributing catalogues are mostly My (although computed
by different, locally derived formulas), whereas, for instance, the Greek catalogue reports



moment magnitudes (M,,). We have attempted no magnitude homogenization at this stage
(hence, magnitudes are denoted simply by M with no subscript). In the absence of existing
conversion expressions this would require a detailed, time-consuming analyses and a
coordinated effort from all parties involved. It is, however, strongly recommended that such a
homogenization is done in the future.

Although, undoubtedly, the final version of the catalogue will be somewhat different, it is
unlikely that changes will be of a major character, and the BSHAP catalogue — in our opinion —
represents a sound basis for analyses of the seismicity of the region.

1.1.2 The BSHAP-CEC catalogue

In order to improve statistical estimations, the BSHAP catalogue was supplemented with
the records of events with magnitudes M < 3.0 from the latest revision (March 2009) of the
Croatian catalogue (CEC). We believe this combined catalogue (hereafter referred to as
BSHAP-CEC), in spite of its shortcomings, to be the most authoritative catalogue for the
greater region of Bosnia and Herzegovina currently available, and the best choice for PSHA
and related studies. In the rest of this section, we’ll present its basic statistical properties.

COMPLETENESS — One of the most fundamental problems encountered in statistical analyses
of any catalogue is estimation of its magnitude completeness. It is self-evident that
completeness levels will vary with time. For the pre-instrumental era, catalogues report only
the most important events of large magnitude. The shift of completeness levels to lower
magnitudes is caused by development of seismographs and their increased sensitivity, and by
the significant and constant increase of the density of station networks during the 20" century.
Clearly, the rate of instrumental quality and coverage increase was quite inhomogeneous thus
causing catalogue inhomogeneity which must be reduced as much as possible prior to any
calculations. Identifying completeness thresholds and their temporal and spatial variations is a
controversial task, and the problem does not have a unique solution. A possible approach is the
one of “experienced professionals”, when seismologists with in-depth knowledge of the
network development and seismogram analyses procedures can quite confidently assign
completeness thresholds for different periods of time. One can also plot the Gutenberg-Richter
[40] frequency-magnitude distribution for various subregions and periods of time, and declare
(sub)catalogues complete for a set of magnitude classes obeying the log-linear relationship.
Another alternative is to compute temporal variation of cumulative rate of earthquake
occurrence for M > M, and declare it complete with the completeness threshold of M, after the
time the activity rate stabilizes (for similar and additional methods see e.g. papers by Wiemer
and Wyss [41], Rydelek and Sacks [42] or Gomberg [43]). Each of the methods has its serious
shortcomings: the first one is too subjective; the second one relies on the assumption of time
invariability of the property of self-similarity; the third one assumes that the rate of earthquake
occurrence does not change in time. We know that the last two assumptions are false for short
time-scales (e.g. note oscillations of the cumulative activity rate after 7. in Figure 3), but hope
that in the long-run they hold after all. Here we use the third method, as described and used to
analyze the catalogue for the NW Croatia by Herak et al. [37] and illustrated in Figure 3.

After the completeness analysis is performed for a set of predefined threshold magnitudes,
as the result we obtain the ‘staircase’ graphs as the ones shown on the left in Fig. 4 for the
locations of three major cities in Bosnia and Herzegovina. Knowing the completeness interval



for each magnitude class, the b-value and the normalized reference activity rate (N,) in the
Gutenberg-Richter recurrence relationship

log N=1log N,.— b(M - M,) )

can be estimated by the maximum-likelihood method using the algorithm proposed by
Weichert [44] (Fig. 4, right). In (1), N is the activity rate, i.e. the annual number of earthquakes
per standard area (equal here to 10000 km?®) with magnitudes greater or equal to M, M, is
arbitrarily chosen reference magnitude (M, = 3.5 here), and N, is the corresponding activity
rate. It may be seen from Figure 4 that the estimated frequency-magnitude distribution closely
follow the log-linear relationship (1) for small magnitudes, and that the resulting b-values are
‘normal’ (close to 1), which indicates that completeness thresholds have been determined
reasonably well.

Location:  Zagreb
Magnitudes: M_ = 3.7
Radius: R =55km

earthquakes / year / 10000 km?
o o
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Figure 3 — Cumulative activity rate of earthquakes with magnitudes M > 3.7 in a circle with
radius of 55 km around the city of Zagreb as function of time. The curve is computed for
discrete times corresponding to times of occurrence of all events in a declustered catalogue.
The time of complete reporting, t. = 1878, is defined as the time when cumulative activity rate
first reaches the ‘true’, stable rate A, defined as the mean level between the maximum value
achieved (A;) and the absolute minimum after the maximum (A4;) (from [37]).

The same procedure was applied to the BSHAP-CEC data for every node in a grid (22 x 22
km) covering the whole area under study. In order to ensure large enough number of
earthquakes within each circular window during computation of recurrence parameters, its
radius was allowed to vary between » = 30 km and » = 150 km, until it contained at least 50
earthquakes within their respective time interval of complete reporting.
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Figure 4 —Left: Magnitude completeness thresholds for the cities of Banja Luka, Sarajevo and
Mostar. Right: Magnitude-frequency distributions. Blue crosses and red circles are observed
noncumulative and cumulative frequencies (since the corresponding time of complete
reporting), respectively. The line shows the fitted theoretical distribution (Eq. 1) with the
parameters b and Nj 5 given in the inset of each graph. t is the smallest radius of the circle
around each site holding at least 50 earthquakes which occurred after their respective time of
complete reporting.



The year of onset of complete reporting for the four magnitude levels are shown in Figure
S, whereas the completeness magnitude thresholds for the four selected years are presented in
Figure 6. Figure 5 presents rather consistent picture, clearly identifying regions (Slovenia, NW
Croatia, southern Hungary central Italy) with comparatively more complete catalogues than the
rest of the region. At the level of M = 3.0, the catalogue for most of the territory of Bosnia and
Herzegovina seems to be reasonably complete after the 1970s.

Year of Reginning of complets reporting, M==3 Year of beginning of complete reporting, M==3.5
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Figure 5 — Initial years of complete reporting for magnitudes M = 3.0, 3.5, 4.0 and 4.5. Circles
are epicentres of earthquakes with magnitude exceeding M = 3.5

Figure 6 displays a similar overall pattern. As also concluded by Herak et al., 2009 [37], the
observed completeness pattern reflects not only the quality of contributing catalogues, but is in
large part determined by the density of population and the degree of development in the 19"
and 20™ century, so that the estimated year of the beginning of complete reporting, for some
magnitudes (e.g. M =4 in Figure 5) spreads over more than a century!
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Figure 6 — Magnitude completeness thresholds for the years 1800, 1900, 1950 and 1980.
Circles are epicentres of earthquakes with magnitude exceeding M = 3.5

RECURRENCE PARAMETERS (b-value and activity rate ,) — Estimation of earthquake
recurrence law, usually assumed to follow the Gutenberg-Richter relation (1) or its truncated or
asymptotic version, is a mandatory step in any PSHA procedure involving seismic zonation or
some variety of the smoothed seismicity approach. Having established the spatial completeness
pattern of the catalogue, it is then straight-forward to compute geographical distribution of the
b-value and the activity rate N, by using Weichert’s [44] maximum likelihood approach. The
map of the b-value is given in Figure 7, and its standard error and the spatial resolution are
presented in Figure 8. .
The b-value is mostly found to be in the interval 0.75—1.10, which are normal values found all
over the world. No clear regularity is obvious. The active regions of Dalmatia, the Apennines
or Central Slovenia are characterized by lower than average values, indicating higher
proportion of large-events, and the same is true also for the areas of the lowest seismicity
(southern Adriatic Sea, Slavonia, Hungary, northern and eastern Serbia). Values about b = 1.0
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Figure 7 — Map of the b-value in the Gutenberg-Richter relation (1)

Standard deviation of Ihe b-vaue Resclution. km

Figure 8 — Left: standard error of the b-value,; Right: spatial resolution (radius r of a circle
containing at least 50 events within their respective time interval of complete reporting.

or higher are characteristic of Istria and Pokupsko in Croatia, the Central Adriatic Sea, and the
belt along the Dinarides, Albanides and Hellenides stretching from the Lika area in Croatia,
along central Bosnia and Herzegovina to Montenegro, Albania and Greece.
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Figure 9 presents the activity rate N;s expressed as the number of earthquakes with
magnitude M = 3.5 or larger, expected to occur in any 10 years on an area of 10000 km? (100 x
100 km) around each point on the map.

Activity rate (M >= 3.5, eqg/10 years/10000 sz, maximum likelihood})

13 14 15 16 17 18 18 20 21 22

Figure 9 — Activity rate for events with M > 3.5 (number of earthquakes/10 years /10000 km’).

The analyses as presented above provide some of the fundamental parameters needed for
the seismic hazard assessment. For instance, it seems reasonable to define seismic source zones
so that recurrence parameters do not change abruptly within any of them, thus ensuring their
homogeneity which is difficult to asses a priori. Maps as presented in Figures 7 and 9 may also
be used in a more direct way, in the course of PSHA using some kind of the zone-less or the
smoothed seismicity approach (e.g. papers by Frankel [45], Frankel et al. [46], Lapajne et al.
[47]). However, a vital ingredient which often turns out to be the most influential one, the
maximum magnitude (M,,x) which the local and regional faults may be expected to produce in
the foreseeable future, still remains to be estimated and mapped.

2 ACTIVE FAULTS

The first step in determining the capacity of a seismogenic fault system is its mapping,
ideally in three dimensions. This has traditionally been a subject of geological studies, but
today it is a showcase example of a multidisciplinary problem in geosciences. Seismologists
are required to provide data on precise locations of hypocentres of as many earthquakes
(including microearthquakes) as possible. They will also provide fault-plane solutions (FPS)
thus providing geometrical and kinematic properties of active faults, as well as the directions of
predominant tectonic stresses. Explorational geophysicists contribute high-resolution refraction
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and reflection profiles, on which one can trace faults that reach close enough to the surface, or
identify whether the strata have been disturbed in the recent geological past. Geodesy can
provide important GPS data on relative contemporary movements of geological structures, and
geologists will often be the ones to merge their surface and shallow observational data
(including palaeoseismic trenching) with other products and give a tectonic interpretation. This
multidisciplinary aspect of research was obvious to the founding-fathers of seismology already
at the beginning of the 20" century: “...The goal of seismology is to study the interior of the
Earth, and to continue where the geologist stops, it has in modern seismographs a sort of
binoculars that enable us to look into the largest of depths... (A. Mohorovicié [48]) .

Once the fault is mapped it has to be assigned its basic properties. These include, for each of
the segments, the strike, dip, type of motion (normal, strike-slip, reverse), length, depth
extension, probability of being active, slip rate, ezc. Known recent slip rates, combined with the
characteristic earthquake concept, may provide vital data for modelling of seismicity of active
faults (e.g. work by Anderson [49]). An excellent example is the inventory of active faults in
the USA, which may be found online [50].

COST-625 |
(2006)

-

Figure 10— Traces of active faults as delineated in the framework of the COST Action-625
project “3D monitoring of active tectonic structures”.

It is unfortunate that until recently no serious active faults mapping project existed in this

region. A breakthrough initiative came from the COST Action-625 project “3D monitoring of

active tectonic structures”, within which a task group was focused on the compilation of a
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“Map of active faults of the Adria region” . Citing from the report of Piccardi et al. [S1]...The
project has proven an extremely complex task, due to the vast heterogeneity or even complete
lack of information regarding seismogenic structures. At least, more or less detailed and
reliable data have been collected, trying to adapt to a common legend based on the ITHACA
capable fault mapping project developed by APAT, for the following countries of the region so
far participating to the project: Italy, Greece, Albania, Slovenia, Croatia, Montenegro,
Hungary, Bulgaria. No data could be obtained at all about Bosnia or Serbia, which are areas
of high historical seismicity (Bosnia in particular has hosted some of the most devastating
earthquakes of the former Yugoslavia). Also the knowledge about fault activity in the Adriatic
and lonian seas is still scarce...”. The working file of delineated faults as submitted by the
participants is graphically shown in Figure 10. A forthcoming special issue of Journal of
Geodynamics will bring the most recent result related to the active faults as a follow-up to the
Action-625.

In Croatia this work is developing, and currently we are in preparation of the detailed
database of active faults in the Adriatic and the External Dinarides. Each of the faults will be
characterized by its sense of motion, dip, spatial coordinates, segmentation, Quaternary slip
rate (if available) and a list of strong events which probably originated on them. Figure 11
gives a preview of the working file, courtesy of B. Tomljenovicé.

Figure 11 — Active faults in the Adriatic and the External Dinarides (a work in progress, kindly
supplied by B. Tomljenovié¢). Epicentres are from the Croatian Earthquake Catalogue.
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2.1 FAULT-PLANE SOLUTIONS

Earthquake mechanisms expressed by the double-couple fault-plane solutions (FPS),
obtained either by classical P-wave first motion studies or as the product of the CMT
computations, provide the most valuable data on geometry and mechanics of causative faults
and on the tectonic stress field in an area. As such, they are of paramount importance in any
fault mapping project. Until recently, the FPS were available only for the few strongest events
in the region. However, as local and regional seismograph networks increased and improved in
quality of data (especially important is introduction of BB-seismometers), the number of
reliably determined FPS rapidly increased.

The most complete database of FPS in Croatia, Bosnia and Herzegovina, and the NE half of
the Adriatic Sea is maintained by the Andrija Mohorovi¢i¢ Geophysical Institute of the
Department of Geophysics in Zagreb (update from Herak et al. [52]) (Figures 12 and 13).

Zagreb — AMGI (P)
Harvad (CMT)
MEDNET or Italian CMT
Zrich (RMT)

Slovenian bulletin (P)

Figure 12 — Fault-plane solutions (lower hemisphere equal-area projections) from the data-
base kept by the Andrija Mohorovicic Geophysical Institute (AMGI) of Department of
Geophysics in Zagreb. The source of data is colour-coded according to the legend. P, CMT
and RMT indicate P-wave first motion polarity inversion, Centroid Moment Tensor inversion,
and Regional Moment Tensor inversion, respectively. Italian CMT data are from the EMMA
database by Vanucci and Gasperini [53]), and from the paper by Pondrelli et al. [54].
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A quick look at Figure 12 reveals that strike-slip and reverse faults predominate. In some
areas all solutions are nearly identical (e.g. the Jabuka island series in the Central Adriatic from
2003), in others the FPS indicate faults of different properties (e.g. the Banja Luka region),
possibly indicating zones where faults of different systems meet. The map of the horizontal
projection of the pressure axis as shown in Figure 13 presents a more consistent picture and
indicates predominantly S—N to SW—NE directed tectonic compression, in accord with the
direction of compression caused by counter clockwise rotation of the Adriatic microplate
around the pole in N Italy (as suggested by e.g. Anderson and Jackson [55]), and the push of
the African plate from the south.

Figure 13 — Horizontal projection of the compression (P-axis) from FPS shown in Figure 12.

In the vicinity of Banja Luka, the database lists five fault-plane solutions. For the strongest
earthquake (27 Oct 1969, M = 6.5), the solution indicates mostly dip-slip faulting along either
a ESE—WNW striking fault (dipping to the NNE at 56°) or on the WSW—ENE striking fault
(dipping to the SSE at 44°). A profile through the hypocentral volume (Figure 14) seems to
identify the first of them as the fault plane. It is interesting to note that FPS of the second
largest event (13 Aug 1981, M = 5.3) points to a nearly pure strike-slip motion on a fault of
different orientation. Although such differences may indicate complexity of the fault system(s),
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rather large uncertainties related to the first-polarity FPS from 30-years ago warrant careful
interpretation.
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Figure 14 — Trace (green line) of the profile (bottom subplot)) through the epicentral area of
the Banja Luka earthquakes. FPS is shown as the lower-hemisphere projection, compressional
quadrants are shaded. Dashed blue lines show the fault dip according to the FPS, assuming
the NNE-dipping nodal plane as the true fault plane. Pale-coloured hypocentres have been
fixed to the depth of 10 km during location procedure.

2.2 MAXIMUM MAGNITUDE

The Gutenberg-Richter relation (1) is unbounded from the right, i.e. no upper limit is
imposed on the magnitude. This is, of course, unrealistic, as earthquake magnitude can not
grow above the values determined by the general tectonic framework and by properties of
rocks in the source area. Therefore, Eq. (1) is usually modified either by simple truncation at
some maximum magnitude (M) or by modification of the functional shape so that it
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asymptotically approaches the value M = M,,,.. The problem of determining the capacity of
active seismogenic faults is a difficult one. As no physically based algorithms exist, this
estimation is always rather subjective. It is often based on the empirical correlation between
some measure of the causative fault’s size (surface or subsurface length, downdip width, or
fault area) and seismic moment or magnitude (e.g. papers by Trifunac [56, 57] and references
therein, or Wells and Coppersmith [58] ). In practice, it is often difficult for the experts to agree
on partition of long faults into segments that are likely to be ruptured in a single, characteristic
earthquake. The characteristic earthquake concept itself (Schwartz and Coppersmith [59]),
although very appealing as it implies some kind of predictability, still remains controversial,
and several papers have been published which show that its superiority over the fractal model
implied by the Gutenberg-Richter relation is not supported by real data (for instance the ones
by Kagan [60] or Parsons and Geist [61]).
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Figure 15 — Maximum magnitude reported in the BSHAP-CEC catalogue since 1500,
within a circle of 25 km radius around each data point (lightly smoothed).
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Maximum magnitude within a given seismogenic zone (or a larger region) may also be
estimated by statistical methods using only seismic catalogues. For instance, Kijko [62]
proposed a generic equation for the estimation of the maximum earthquake magnitude which
may be used under various assumptions about the statistical magnitude distribution or the
available information regarding past seismicity.

As mentioned above, active faults have not been mapped in the region of interest for the
PSHA in Bosnia and Herzegovina. Figure 15 shows maximum magnitudes of earthquakes
which occurred in the period 1500—2009 within 25 km of each grid point. Maps like this one,
going back into the past several hundreds of years can be useful in constraining maximum
possible magnitudes inferred from fault lengths and other geological information. When used
together with maps presenting other recurrence parameters (like those in Figures 7 and 9) they
can provide a solid basis for delineation of areal seismic source zones. For the areas with no
available geological information, M,,,, can even be defined using only seismological data, as
the maximum observed magnitude within a seismogenic zone increased by AM, which has to
be defined taking into account the tectonic setting and the time span of complete reporting of
the strongest events in the catalogue.

3 CONCLUSIONS

Detailed analyses of seismicity of the greater area of Bosnia and Herzegovina was
performed on the basis of the BSHAP-CEC earthquake catalogue, compiled from available
local, regional and global catalogues. To the best of our knowledge, this is the first statistical
analysis of seismicity of this kind ever performed in this region. Catalogue completeness
analyses enabled mapping of the Gutenberg-Richter’s b-value and the activity rate, which
provides a solid basis for delineation of earthquake source zones. The data on spatial
distribution of the recurrence parameters can be used directly in the PSHA using the smoothed
or distributed seismicity approach which requires no prior zoning.

In order to estimate the largest credible earthquake within each of the zones and thus
complete the dataset necessary for seismic hazard assessment, a serious and urgent effort has to
be made to map and characterize the main active faults. A good and ever-increasing dataset on
the fault-plane solutions presented here should help in this task. This effort must be
accompanied with a modernization and expansion of the seismological network (broad-band
and strong-motion seismometers) with prompt data analysis and exchange.

We have not dealt with a vital ingredient of the PSHA, the empirical attenuation
relationship(s). Their role in the PSHA is described by, e.g., Gupta [63] in his overview of the
PSHA mapping methodology. This is an important issue, as the choice of the attenuation
formula may significantly influence the final result. In general, it is preferable to use
expressions derived from local data (e.g. strong-motion records, or intensities, see the review
paper by Lee and Mani¢ [64]). If such relationships do not exist, the ones from the tectonically
similar regions are used, and their respective influence is modelled as the epistemic uncertainty
in a logic-tree approach.
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PREGLED EMPIRISKIH OCENA SILNOG POMERANJA ZA
ANALIZU SEIZMICKOG HAZARDA

Rezime:

Teoretski 1 empiriski zakoni za procenu amplituda i trajanja silnog pomeranja za
vreme zemljotresa su analizirani. Polu-empirijske jednacine koje koriste unapred
usvojene matematiCke zakonitosti i empirijski pocenjene koeficijente su opisane.
Neslaganja usvojenih jednacina i izmerenih podataka su nabrojana i diskutovana.
Empirijske distribucije osnovnih parametara koji opisuju silno pomeranje su
opisane. Greske koje se javljaju pri polu-empirijskoj oceni silnog pmeranja su
opisane 1 jednostavne metode za formiranje Cisto empirijske zakonitosti su
predlozene.

Kljucne reci: Amplitude silnog poneranja za vreme zemljotresa, dominantni period,
spektar, trajanje silnog pomeranja, empirjiske ocene.

REVIEW OF EMPIRICAL SCALING OF STRONG GROUND
MOTION FOR SEISMIC HAZARD ANALYSES

Summary:

The theoretical and semi-empirical scaling laws for amplitudes and duration of
strong ground motion are analyzed. Semi-empirical relations involving pre-selected
mathematical expressions with the empirically estimated coefficients are described.
Discrepancies between proposed equations and empirical data are noted and
discussed. Empirical distributions of basic parameters of ground motion are
estimated and described. The sources of errors in semi-empirical scaling of strong
motion are discussed, and a simple method for constructing pure empirical scaling
laws is proposed.

Key words: Earthquake strong-motion amplitude, predominant period, spectra,
duration of strong motion, scaling.

! Professor, Principal Scientist, Schmidt Institute of Physics of the Earth
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1 INTRODUCTION

Estimation of the amplitudes of strong ground motion depending upon earthquake
magnitude M and distance R is one of the key steps in the chain of calculation of expected
seismic effects. This process begins with a description of regional seismic activity and the
definition of potential future sources of earthquakes, which are used to formulate input for
seismic hazard calculations. The essential element in these calculations involves the description
of how the motions from a given earthquake attenuate with distance and produce shaking at a
building site. However, a reliable theoretical groundwork for such calculations is still not fully
developed in spite of the fact that many empirical scaling equations have been developed to
describe seismic wave attenuation. The most advanced semi-empirical equations take into
consideration earthquake magnitude, faulting type, distance, and ground condition along the
propagation path and at the point of observation, as well as the non-linear site response.

Semi-empirical relations result from fitting the empirical data with some pre-selected
equation. Such relations can be obtained by starting with some theoretical description of the
problem and then can be extended by adding additional regression parameters to improve the
fit and reduce the residuals. In such equations, some coefficients may not have a clear physical
meaning. It is also possible to process empirical data without pre-selected mathematical
expression, for example, by using medians in narrow magnitude and distance intervals.
Obtained results can be approximated by various simple equations,for example, by a set of
straight lines. A comprehensive recent review of attenuation equations was made by J. Douglas
[1]. This review “examines such equations in terms of data selection, accelerogram processing
techniques of strong-motion records used to construct the equations, the characterisation of
earthquake source, travel path and local site, and regression techniques employed to find the
final equations...It is found that little agreement has been reached in the past 30 years of
ground motion estimation relation studies. ...There is a need to include more independent
parameters into ground motion estimation equations if large uncertainties associated with such
equations are to be significantly reduced. The data required to do this is, unfortunately, scarce.”

In recent work by the author, the assumptions used in the construction of empirical scaling
equations have been examined. It is found that there are many wrong assumptions leading to
Serious errors.

2 PARAMETERIZATION OF GROUND MOTION

Development of earthquake-resistant design techniques begins with the selection of a basic
description of seismic ground motion. All of the parameters used in this process should reflect
the main features of the physical phenomena involved. As dictated by the principles of
dimensional analysis, the motion of any mechanical system is determined by three independent
dimensions: distance, time, and mass (or force). Therefore, the variables that describe the
seismic ground motion must include all of these fundamental dimensions. This leads to some
general criteria of process parameterization [2]:

- parameters should reflect the main features of a studied process and must be relevant
from the earthquake engineering point of view;

- parameters should be mutually independent in the sense that changes in one of the
parameters should not cause significant alteration of other parameters.

There are three basic parameters that describe seismic ground motion:
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A — an amplitude;

fo— predominant frequency (or period Ty);

d —duration of shaking, defined, for example, as the time interval between the first and the
last excursions of the amplitude of the envelope A.,, > 0.54,,4.

For engineering scaling of strong-motion amplitudes, the following additional parameters
are of interest: frequency content of ground motion and coefficient of dynamic amplification f3.
In [2], the logarithmic spectrum bandwidth S is defined as a frequency bandwidth between the
logarithms of frequencies where the spectrum level reached one half of its maximum value.

3 PEAK GROUND ACCELERATION (PGA)

The classical, and historically the first, parameter that was used to describe the amplitudes
of strong ground motion was the peak ground acceleration (PGA) [3-13]. This is because for
about 30 years, from 1933 to the mid-1960s, before the appearance of digital computers and
spectral analyses of strong motion [14], peak acceleration was the simplest and most direct
amplitude that could be read from the analog paper or film accelerograms.

3.1 Theoretical Attenuation Equations

Attenuation equations are based on two assumptions as follows:

1. The definition of earthquake magnitude M = 1g 4 + fIR) or C;M = 1g A + f(R) applies
everywhere, in both teleseismic and epicentral areas. 4 is the peak amplitude of recorded
displacement, when local magnitude is used and predominant period is not distorted by the
seismograph. 4 is the peak amplitude of velocity, when m, or Mg magnitudes are used.
Magnitude definition was used in the near-field zone even to estimate earthquake magnitude
using strong-motion records [5]. The relation lg (PGA) ~ CM was used in [15-17]. For
example, in [16] it is supposed that at a distance of 1 km, PGA grows from 0.2 g up to 2.0 g in
the magnitude range 5 < M'<7.5.

However, this assumtion is in contradiction with empirical data for the near-field zone.
Bureau [3] showed that PGA does not depend upon magnitude and distance when distances are
less than 10 km from the fault. Hanks and Johnson [7] argued that PGA does not depend upon
magnitude for a distance of about 10 km and for the magnitude range 3.2 < M| < 7.1. A
constant level of acceleration on the rupture surface is assumed in [8]. In [9-12], it was shown
that g PGAs for earthquakes with different magnitudes are well scaled by fitting data along the
distance axis and not along the amplitude, according to empirical law

OlgR

=0,325+0,36.
N

This value is in good agreement with the linear size of the rupture surface [13, 14]. The
theory of dimensions and similarity is often used in explosion seismology [9, 19]. According to
this theory, dimensionless values, or dimensionless combinations of values, do not depend on
energy (or on magnitude). Therefore, the deformation near the fault (and, consequently, ground
velocity) should not depend on magnitude.

2. The second assumption is that deformations are very small. That is adequate for
teleseismic distances, but for large strong motions the errors become too large. When this
assumption holds, it is possible to use the wave equation in its simplest form:
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This simplified equation suggests that the attenuation forces are proportional to the
velocity. It gives the wrong results for short separation distances (less than wavelength), but it
is possible to select a value of £ to model average amplitude attenuation for longer distances.
Solving this equation leads to the classical expression

A= Age™.

After adding the geometrical spreading, one obtains the classical attenuation relation

lgA=M-1g R— kR + const.

The spherical spreading is discussed in [18, 20, 21]. However, the errors associated with the
use of such equations are large, and, therefore, the empirical coefficients have been proposed to
improve the fit:

lgA=Ci M- Cylg R— C3R + const.

These coefficients are selected from the best fit of the recorded data. Because the
exponential terms tend to be small, many investigators neglect it and work with an equation of
the type

lg PGA = Cy M+ C,1g R + const.

However, this simplification does not reduce the accuracy of calculations. This form was
used in [22-33]. In contrast, sometimes only the exponential term is used [4]:

lg PGA = Cy M+ C3R + const.

Sometimes, the term Cj (Ig R) * is added [6], and sometimes the term Cs M * is added [4, 21].
In [34], the attenuation force F'is described as

OE (GA)( 0*A ]
F=—"—=p — :
on o& \ oéon

where

A is displacement amplitude

p is density

E is kinetic energy of unit mass

¢ isphase ({=t—x/v)

n is distance (77 =x)

v is velocity of wave propagation.

The wave equation with this type of attenuation is of the form
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Integration with respect to 77 gives
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v v
where
04 C .
V= o is vibration velocity, and
t
& is deformation.

According to Feynman, who studied equations of this type [35], one can obtain the
following results in the media with attenuation as follows:

- The attenuation decrement is proportional to amplitude.

2

Even harmonics occur with amplitudes proportional to — = g

2
%
- These harmonics in turn lead to harmonics of higher order.
- For every frequency pair f, and f, occur the combination frequencies f,, = f, + f,

and f, = f, — f, with amplitudes proportional to ﬂ

- Non-linear effects are common in soft ground with low v.

It should be noted that non-linear effects under consideration are connected with
attenuation only. There are other factors, including the non-linear deformation law (beyond the
yield point). The empirical dependence of attenuation decrement on PGV level for explosions
[9] is shown in Figure 1. The occurrence of the second and fourth harmonics was shown in
[34], and the constant component was observed in [36].

Thus, it is impossible to describe seismic wave attenuation by classical equations:

lgA=Ci M- Cylg R— C3R + const.

The coefficients in the next generation of the attenuation equation depend upon magnitude.

3.2 Ground Conditions and Faulting Type

The term “ground conditions” is related to a group of factors influencing the parameters

of ground motion. These factors are:

- topography

- properties of strata under site consideration

- ground water.
Further details can be found in [37]. It is also possible to calculate the influence of stratigraphy
using numerical simulation [38]. In many building codes, only the type of ground near the
Earth’s surface is taken into account. Because the seismic hazard estimation for seismic
zonation in Russia is based on integer values of intensity scale, it is convenient to divide the
ground type into three categories: rock, soft soil, and intermediate ground. Seismic zoning
maps are related to intermediate ground. For rock, seismic hazard reduces by one point of
intensity, and for soft soil, it increaseses by one point of intensity. The empirical data also
show that ground conditions affect the amplitudes of ground shaking. Therefore, the term
related to ground type can be added to the equation:
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lgd=C M+ CylgR+ C3R+ Cy+ const.

For PGV, the following coefficient values are estimated in [20]: C; = 0 for rock and
C; = 0.17 for soil in the near-field and far-field zones. Standard deviation of estimation is
o = 0.22 for the relatively small range of magnitude (5.3 < M < 7.4). McGuire and Barnhard
[39] obtain the factor of amplification 2.25 for PGV, and Trifunac et al. [40] show that PGA is
not amplified on soft ground and is even slightly decreased. The same results were obtained in
[9, 41]. It was shown in [18] that during the San Fernando earthquake, for epicentral distances
A > 50 km, PGA is larger on soil, while for distances A < 50 km, it is smaller. Practically all of
the records that led to the above-described observations were obtained in California.

The form of the above equation is common, and different determinations of magnitude and
distance can be used. The errors associated with such equations are about 0.32 log units [42].

attenuation decrement

O

10!

O
10° /
10! C
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V, cm/sec

Figure 1 - Correlation of attenuation decrement with shaking velocity during explosions ([9]).

The first paper that considered the influence of faulting type on ground motion parameters
has shown that in the near-field zone, PGA for thrust faulting is larger than for normal fault by
a factor at least equal to 2.5 [43]. Since 1980 [44], many regression formulae have taken this
factor into account [45, 46], and non-linear effects are also now considered. These equations
typically include 10 or more terms. The standard deviation is about 0.16 logarithmic units
when earthquakes from a single region are considered [45]. Different formulae are in fair
agreement in the far-field zone, but in the near field, the discrepancy can be rather large [47].

The general feature of all the attenuation models is the approximation of empirical data by
pre-selected mathematical expressions. As a result, a part of information about propagation of
intensive seismic waves is lost. Near the fault, the theory based on assumption of linear
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elasticity and small deformations does not work. Therefore, it is necessary to study seismic
wave attenuation without any pre-selected formulae. It is very difficult to describe by a single
expression all of the relations among magnitude, distance, faulting type, and ground conditions
related to both near-field and far-field zones of strong ground motion.

The influences of ground conditions are different in near- and far-field zones. In the near-
field zone, the acceleration is not dependent upon ground conditions and may be even a little
larger on rock. Thus, the influence of ground conditions and faulting type are different in
different zones.

3.3 Semi-Empirical Equations

Semi-empirical relations are defined in terms of pre-selected mathematical expressions and
have estimated coefficients based on the data that are used in regressions. With few exeptions
[4, 21], the semi-empirical equations do not perform well at short distances because of the
amplitude saturation and non-linear effects. To improve the fit, often a constant is added to
distance:

lgPGA=C M+ C,1g (R + Cy) + const.

The C, value usually varies in the range 10 < C, < 45. One of the first equations of this type
was considered in [22], and it became common in many subsequent papers [25, 26, 28]. To
consider the dependence of attenuation on magnitude, C, can be taken as a function of
magnitude [8, 21]. Recent formulae as a rule are a combination of ones described above [16].

More advanced attenuation models do not always lead to better results. For example, using
a hypocenter distance leads to a prediction error that is a little larger than for an equation that
uses epicentral distance because the geographical coordinates of the epicenter are estimated
with more presicion than the source depth. At present, the preferred measure is the shortest
distance to the rupture surface.

The equations of new generation take into consideration earthquake magnitude, faulting
type, distance, and ground conditions at the point of observation. The influences on fault type
and ground type depend on magnitude and distance [40, 45, 46]. Recent semi-empirical
equations are very complicated. In [48], an equation with more than 10 terms is considered:

In(4,, )=-3,512+0,904M —1,3281In JRgE,S +[0,149 exp(0,647 M) +
+[1,125-0,1121n(Rgp;5 ) — 0,0957 M |F +[0,440 — 0,171 In(Rps ) S sz +
+1[0,405 - 0,222 (R IS 11z + 0,

where

Ay is the geometric mean of the two horizontal components and has units of g
(g) =981 cm/s’

M is moment magnitude

Rspis  is the distance to the seismogenic part of the rupture surface

F is the coefficient depending upon faulting type

Ssr (soft rock) and Sy (hard rock) are the coefficients depending upon local ground
conditions.

Equations of a similar type are used by many recent papers [e.g., 45], but equation coefficients
are significantly different. Practice shows that it is possible to obtain a good fitting using many
terms. But practice also shows that for another data ensemble this equation cannot give the
same accuracy. Many terms can lead to numerous mistakes. For example, Campbell states that
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it is very difficult to estimate the seismogenic part of the rupture surface. The standard
deviation of the result is about 0.16 decimal logarithmic units when earthquakes in a single
region are under consideration. Different equations are in fair agreement in the far-field zone,
but in the near-field zone the discrepancies can be large [47]. General and common features of
all such attenuation models are that the recorded motions are described by pre-selected
mathematical expressions.

As a result, a part of the information about propagation of strong seismic waves is lost.
The attenuation relations based on some source model also belong to semi-empirical equations
[23, 40]. For this presentation, the scaling of ground motion parameters for the territory of
former Yugoslavia is of special interest, and it will be discussed in paragraph 6.

3.4 Empirical Relations

The role of the theoretical assumptions has become minor in the recent semi-empirical
equations because some inconsistencies among the coefficient values have been observed.
Therefore, it is reasonable not to choose the equation type a priori. It can be more reliable to
use empirical amplitude distribution according to the magnitude and distance alone. The final
result can be approximated by any function. Absence of the various assumptions decreases the
errors of the values based on the empirical functions. For this reason, in deriving the empirical
attenuation law 4 = A(Ms, R) on the basis of world data on strong ground motions, a priori
selected formulas were not used. The curves were brought into coincidence with median
values. The stability of the coefficient values in empirical relations for different regions will
promote studies of the excitation and propagation of strong-motion waves, assuming that:

1) Seismic enegy is radiated not from the rupture surface but from a volume around the
fault. Therefore, in the source area there will exist generation and attenuation of seismic
energy.

2) The attenuation of strong motion is determined mainly by motion amplitudes and,
therefore, attenuation will be large in the near-field zone. Also, attenuation in different types of
ground is expected to be equal for large amplitudes.

3) Because at the source, and in the near-field zones, amplitudes of motion are very high,
the non-linear processes are observed, for example, in the generation of high frequencies
(usually it is believed that seismic waves only lose the high frequencies with distance). For
very high compression, the different ground types will have equal compressional moduli.
Therefore, high accelerations may not depend upon ground type.

Semi-empirical equations have the accuracy of about 0.16 dec. log. units when a single
region is under consideration. Pure empirical relation has the same accuracy for worldwide
data. The resulting equations are very simple, and it is not necessary to take into account
ground type in source- and near-field zones. In the far-field zone, it is necessary to take into
account the ground type for acceleration amplitude calculation, but duration for soft soil is
much longer and, therefore, seismic intensity is greater as well.

The first purely empirical relations were used in the development of the official seismic
zoning map of 1978 [49], and the results were presented during the VII WCEE [44]. The
hypocentral distance R, was used, and the following empirical relations were obtained:

lg PGA(cm/s %)= 0.28 Ms— 0.8 Ig Ry, km + 1.7 £ 0.20, when lg PGA >2.2,

lg PGA(cm/s %)= 0.80 Ms— 2.3 Ig Ry, km + 0.8 + 0.24 when Ig PGA <2.2.
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lg (PGA) for earthquakes with different magnitudes are well scaled by fitting data along the

distance axis (not along the amplitude!) according to empirical law IlgR

=0,35. Such a

N

1]

2

= ?%R) was proposed in [9]. The standard deviation was about 0.20 dec. log.

s

scaling (

unit.

Using more data in [10], these relations become:
lg PGA, cm/s 2 =0.13 Ms—0.36 Ig R, km + 1.9+ 0.20 when Ig PGA >2.2,
lg PGA, cm/s > =0.65 Ms— 1.8 Ig R, km + 0.95+0.22  when 1.0 <1g PGA <2.2,
IlgR _ 3.
oM

The difference between results using relations from [10] and [44] is less than standard
deviation.
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Figure 2 - Mean observed PGA scaled to Ms = 5.0 using the empirical relation OlgR/OMs =
0.325. 1 -Msg=3.0;2-Mg=4.0;3-Ms=5.0;,4-Ms=06.0;5-Ms=7.0;6-Ms=38.0. The
corrections for faulting type are provided also. Every sign for the PGA > 170 cm/s * is average
value for at least 8 records. Dotted lines show the standard deviation.

Using the shortest distance to the rupture surface, the accuracy of the results was improved
and new effects were found in the epicentral area [12]. It was discovered that, near the fault,
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acceleration is increasing with distance. This result was obtained in 1995 during detailed
seismic zoning of the Stavropol region in Russia. Such an effect, which is important for the
development of earthquake source models, was described also in [50, 51].

Table 1. The Coefficients of Empirical Attenuation Relation [10]
C PGA,, cm/s” Fault Type
0.800 900 Thrust (T)
0.717 757 Thrust — strike-slip (T-S)
0.633 637 Strike-slip (S)
0.550 536 Normal — strike-slip (N-S)
0.467 450 Normal (N)
A, em/sec?

(maximum horizontal component)
1000 —

- Ms=35.0 Ms=17.0

AlgR / AM = 0.325

I\[\\\‘ T I\\\\\\‘

1 10 100
Shortest distance to rupture surface R, km

Figure 3 - Empirical attenuation curve (Table 1).

For Olg PGA =0,633, the maximum PGA is observed at a distance (shortest to rupture

OlgR
surface) 1g (Ruax) = 0.325 Ms — 1.65. The PGA level at this distance is about 0.2 dec. log. unit
larger relative to the level on the rupture surface. The slope after maximum (near-field zone)

has the numerical value M =-0,633.

OlgR
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The border between the near- and far-field zones is determined by PGA = 170 cm/s . The

attenuation in the far-field zone is described by expression magl%g: —1,6. The empirical
g

attenuation curve is shown in Figure 2. In many papers, the PGA extremum is visible on the
empirical data plots [21], but pre-selected expressions ignore this phenomenon.

3.4.1 Simplified Attenuation Law

Because it is often difficult to determine the shortest distance to the rupture surface near a
fault, it is convenient to use simplified relations. Instead of extremum on the attenuation curve
(Figure 2), the constant acceleration level PGA, is taken between rupture surface and distance:

IgRy=0.325 Ms - 1.45.

The additional error of acceleration estimation related to this simplification is less than the
standard deviation, and this distance determines the source zone. PGA in the source zone
practically speaking does not depend upon ground type. It may be that on rock, the acceleration
level is even a little larger and on soft ground, smaller than on medium ground (about 0.05 dec.
log. units) [4]. The PGA is larger for reverse faulting and smaller for normal faulting relative to
strike-slip one about 0.15 dec. log. units. [43, 44]. The near-field zone stretches out from Ry to
R1:

IgR, = 0.325Ms - 0.60.

The coefficient 0.325 is in good agreement with the width of the rupture surface [13, 14].
According to [13] the rupture surface, width / is described by the equation:

lg /, km =0.32 My, — 1.01.

0lg PGA
The near-field zone is characterized by attenuation L 0,633. Amplitude is attenuated,

OlgR

but energy is not. The wave energy is proportional to the product of the front surface and the
square of the amplitude on the surface [52]. If amplitude decreases as R " and the front
surface increases as R%, the wave energy increases with distance as R ***. An explanation for
this is that the media in this zone radiate some energy. In the near-field zone, we do not find
significant dependence of PGA on ground type. The dependence of PGA on faulting type
decreases from the border between the source and near-field zones and disappears at the border
between the near- and far-field zones, where the PGA is about 170 c¢m/s” for all fault and
ground types [10, 12].

The far-field zone is characterized by attenuation having approximately Zii; =1,6. No
g

significant influence of faulting type has been discovered in the far-field zone [12], but the
influence of ground type on the vibration level is significant in this zone. For soft soils,
correction relative to medium ground is about + 0.20 dec. log. units, and for rock one, it is-
0.20 dec. log. units.

PGA in the source- and near-field zones is estimated using the empirical formula:

lg (PGA) = C (0.325M, - 0.60 - Ig R) +2.23 £ 0.16.
Values of C and PGA, depend upon faulting type (Table 1). The averaged experimental
data scaled to Mg = 5.0 are shown on Figure 3.
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4 SCALING OF SPECTRAL PARAMETERS

Parameters that characterize an accelerogram are functionally connected with spectrum
parameters. There is a popular opinion that it is possible to develop a response spectrum and
the related artificial accelerogram with any pre-selected parameters. This is not true. It is
impossible to use together arbitrary values of spectrum width, coefficient 8, and duration (pulse
width) to develop a synthetic accelerogram. These parameters are correlated, and one can
arbitrarily take only any two of the values.

4.1 Peak Spectral Amplitude

Peak spectral amplitude (PSA) and peak ground amplitude (PGA) are well correlated
(PSA = B PGA) where dimensionless value 3, which depends on frequency, is the coefficient
of dynamic amplification. Therefore, all of the dependences on the magnitude, distances, and
other paramrters must be practically the same for both PSA and PGA. For more than two
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Figure 4 — The correlation of the dynamic amplification coefficient B with the pulse width d
and logarithmic frequency bandwidth S.

thousand horizontal components, it was shown [53] that for 5% damping lg B = 0.54 + 0.08
irrespective of magnitude, distance, and other parameters. The most significant portion of the
data used were obtained in California. For other data obtained in the Alpide regions, it was
shown that Ig B = 0.56 + 0.10 using more than 800 horizontal components [54, 55]. The  —
value depends upon oscillation duration and spectral bandwidth:

lgp=0.72-0.28 S+ 0.071gd+0.07 (see Figure 4).

For rock and soft soil, almost the same value, Ig B = 0.56 = 0.10, is observed because
effects of S and duration d compensate each other. On soil, the value of S increases, but
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duration increases also. Detailed descriptions of the parameters S and d are given in the next
paragraphs.

It should be noted that many building codes contain design spectra with low coefficient B
similar to using effective acceleration instead of the real expected one.

4.2 Predominant Period

When the normalized PSA level is averaged at every particular frequency and Gutenberg’s
law (earthquake occurrence probability is reciprocal to magnitude) is not taken into account,
the predominant period is related to relatively weak earthquakes. To avoid such errors, the
response spectra must be normalized to the correct level and predominant periods. The
statistical processing of normalized response spectra allow one to obtain the mean shape of
spectra. The level and predominant period must be studied separately. In [53], it was shown
that the visible period 7, on a record and the period Tygsa related to RSA are equal:

lgT,=1g Trsa = 0.10.
T
pos:
3.0(3 /f
20 ‘.'\ /7

4.0
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Figure 5 - Relative changes in the predominant period due to explosions [9]. Every point is
an average for 6 explosions.

Worldwide relation for predominant period T can be described by empirical equation [11]:

lg T(s) = 0.15 Mg + 0.25 Ig R(km) - 1g v,(km/s) + C, + const £ 0.20,
where R is the hypocentral distance in km and v, is the velocity of P waves at the depth of the
source (km/s). When Ig R <Ig R;=0.33 Ms— 0.61, R, is used in calculations. C| is the constant
equal to -0.1 for reverse (thrust), 0.0 for strike-slip, and 0.1 for normal faulting. The value of
const depends upon local tectonic conditions, and its average value is equal to -1.11.

The constant value of the predominant period in the near-field zone can be explained by
non-linear effects. These effects have been demonstrated for explosions, which are point
sources [9] (Figure 5). The standard deviation decreases to 0.10 dec. log. when it is possible to
use records from local earthquakes. It should be noted that ground motion parameters vary in
space [56, 57]. The systematic differences may exceed 2ot for two observation points that are
25 km apart.

39



4.3 LOGARITHMIC SPECTRUM WIDTH

The normalized spectrum, with respect to amplitudes and predominant period, describes the
spectral shape. The averaged shape is simpler when double logarithmic scale is used. As a rule,

Ig (PSA/PGA)
Igp

Ig- 0.3 »
Sz Sl
IgB-0.4 —|

0.0 lg (f/ fo)

Figure 6 - The scheme for spectrum parameterization.

the acceleration spectrum has only one maximum. Logarithmic spectrum width is then defined
as the difference between the logarithms of frequencies where the spectrum level reached one
half of its maximum value. It is possible to approximate the spectrum s by straight lines (see
Figure 6).
The value of § is fairly stable: S = 0.60 + 0.24, disregarding earthquake magnitude, type of
faulting, distance, and ground condition at the point of observation (Figure 7). The correlation
coefficient with magnitude is about 0.13, and the correlation coefficient with the logarithm of
distance closest to the rupture surface is the same. It corresponds to the theory of dimensions
and similarity because the logarithmic width of the spectrum is dimensionless. Empirical data
for nuclear explosions shows that in double logarithmic scale response spectra they have
similar shape, although the level and predominant period [19] are different. The stability of S
can be used to design response spectra of strong earthquakes using records of weak local
earthquakes [57].

To evaluate the spectrum asymmetry, one may consider the frequency bands on the two
sides of the predominant frequency f; separately:

S] - S2: 0.02 £0.27.

Such a difference is minor for practical purposes and, therefore, it is possible to consider
the response spectra to be symmetrical and to determine f, as

fO = \, fhighflow '
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Such a determination reduces the standard deviation for the f;,, and it is enough to use only

one parameter S to describe the frequency content of response spectra. This parameter is
essentially independent of magnitude. The empirical dependence of the S value on faulting type
and ground conditions has the form:

§=053+01d+C,+C,+£0.22,
where coefficient C is equal to -0.10 for the reverse (thrust) faulting, 0.00 for the strike-slip,
and 0.10 for the normal faulting. The coefficient C, is equal to -0.05 for rock, 0 for
intermediate ground conditions, and 0.2 for soft soil.
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Figure 7 - Distribution of logarithmic frequency bandwidth S disregarding magnitude,
distance, and other parameters. The envelope is a Gaussian distribution with parameters
0.60 £ 0.24 (mean and standard deviation).

More symmetrical distribution is observed for the angle o (Figure 6).

4.4 Slopes of Spectrum

The mean spectrum slopes, which are proportional to f*', are defined by « . This relation

is consistent with the NPP Codes of Japan and Canada. For the 67% confidence level of not
being exceeded, the slopes of the spectrum are reduced to:

o = arct; é
g7,

where « is the angle between the spectral line and vertical (see Figure 6).
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Using the recorded data, the mean relation of the predominant periods of velocity and
acceleration is about 2.5, and the long-period spectrum slope is proportional to /'~ beyond the
point related to (Ig B - 0.4) dec. log. unit.

We note that typical spectra used in the building codes of many countries are not average
spectra. The methods employed to calculate mean spectrum using average value at every
particular frequency leads to considerable reduction of coefficient f and expansion of the
frequency band, which can occur only rarely during strong ground motion.

5 DURATION OF SEISMIC OSCILLATION

We comment on the concept “oscillation duration” in more detail because it may be
determined in different ways and can have different physical meanings [39, 58]. American
engineers [59-61] were first to recognise the need to quantify the duration of strong motion,
and they started systematic recording and processing of strong motions to compute their
duration [58]. In one of the early definitions of duration, D, [62], the end of a record was
considered a moment when the oscillation amplitudes decrease to some fixed threshold Ay,.
For records on the ground, it was accepted that 44, = 0.05 g, and for recording oscillations of
buildings and structures Ay, = 0.1 g. The value D, was called “bracketed duration” and
appeared to be functionally correlated with an oscillation level. A substantial drawback of this
definition of duration is the fact that it cannot be applied to oscillations with amplitudes lower
than the threshold, thus making it impossible to compare durations of small and large ground
motions.

A broad-band definition of duration Af = Dy = t, — #; can be defined as a time interval
during which a value
t, ©
F(t)= '[Azdt '[Azdt
3 0
increases from F(¢;) = 0.05 up to F(z;) = 0.95 [58, 61, 63]. If A(¢) is band-pass filtered, this

definition can be extended to describe the frequency-dependent duration of strong ground
motion [58].

Some researchers use other thresholds, but that does not change the meaning of this
definition. It can be shown that for some frequencies the value Dy can have a negative
correlation with seismic intensity [64]. This is explained by noting that the value Dy is a
measure of accumulation time for the given energy. The greater the value of Dy the more
inert is the process that takes place and the lower is the seismic intensity.

The duration d (pulse width) is determined as the time interval between the first and last
times, its envelope amplitude is equal to half of the maximum one. The worldwide relation for
pulse width d is described by empirical equation [11]:

lgd s=0.15 Mg+ 0.50 1g R, km + C; + C,+ C53 £ 0.30,

where

R is hypocentral distance, and when Ig R < Ig R; = 0.33 M, — 0.61, value R, is used in
calculations

C = -0.25 for thrust, 0.00 for strike-slip, and 0.25 for normal faulting

G, = -0.15 for rock, 0.00 for intermediate ground, and 0.15 for soft ground
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G =-1.3.

The standard deviation reduces to 0.25 dec. log. when it is possible to use records of the
local earthquakes. The total record duration is about 5d. The practice has shown that different
definitions of duration are often mixed up with imprecise and not-well-defined terminology,
and, therefore, it is proposed that for d we use the term “pulse width”. Pulse width d may be
used as the parameter of amplitude envelope A..(f) and the oscillation envelope may be
described by an empirical formula:

Aenv (t) = AmaX 3td

9¢* ~9td +4d”
where ¢ is the current time.

As a rule, there is no information about the duration in building codes. Empirically, it can
be shown that the parameter d causes noticeable effects on seismic intensity / and the degree of
damage:

I=251gd, cm/s+1.251gd, s+ 1.05.

The duration values are different for acceleration 4, velocity ¥, and displacement D [53]:

lg d(V)=1g d(A) +0.15 +0.10,

lg d(D)=1g d(A) + 0.40 + 0.10.

6 SCALING OF STRONG MOTION IN REPUBLIC OF SRPSKA

So far, one of the best strong motion databases in Europe, in the former Yugoslavia, was
recorded by the strong-motion accelerograph network, which started to operate in the early
1970s. During the first ten years of operation, this network produced many excellent
accelerograms [65]. The contributing earthquakes have been identified and cross-referenced
with various regional catalogues, for 325 recorded accelerograms [66—68]. Table 2 in Lee et al.
[66] and Tables 2 and 3 in Lee and Mani¢ [69] describe these data for earthquakes with
magnitudes in the range from 2.5 to 7.25. The earthquakes had mostly shallow depths (< 25
km), and recorded data was for small epicentral distances. The data include earthquake activity
in all republics of the former Yugoslavia, and concentrated activities in Friulli, Banja Luka,
Montenegro, and Kopaonik [70, 71].

6.1 Scaling in Terms of Site Intensity

Instead of using magnitude to describe the amplitudes of strong motion, an alternate scaling
parameter is the site intensity. Trifunac and Todorovska [72] described the attenuation of
seismic intensity in Albania and Yugoslavia. The database on site intensities is larger than the
data on magnitude scaling in the Balkan countries, and the relationships between the local
intensity scales and the actually recorded amplitudes and durations of strong earthquake ground
motions are essential for seismic hazard analyses [73].

The Mercalli-Cancani-Sieberg Intensity Scale (MCS) has been used in scaling relations of
ground motions in the former Yugoslavia [74]. With the data on the MCS intensities at the site,
the scaling equation can be of the form

lg = ao+ bolyics o,
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where f stands for the horizontal and vertical peak accelerations ay and ay (cm/s®); peak
velocities are vy and v, (cm/s); and peak displacements are dy; and dy (cm). aq and b, are
regression coefficients, and o is the standard deviation.

The variations of peak amplitudes with respect to different geological site conditions have
been investigated, together with the combined effects of geological and soil site conditions.
The readers are referred to [74] for further details.

To scale FS or PSV spectra in terms of MCS, /,,, the scaling equations can take the

following form [75]:

lg{ oy } = BTV s +c(T)+dD(T)SD +d @ (T)SP +e(T)v,

where all scaling parameters will be described below. More complicated equations that include
the soil type can also be performed, though such work has not been carried out thus far.

6.2 Scaling in Terms of Earthquake Magnitude

Following the development of the frequency-dependent attenuation of strong earthquake
ground motions for the former Yugoslavia [67], the empirical scaling of the Fourier amplitude
spectra was developed [76], and then the scaling of pseudo relative velocity [68, 77]. The
scaling equations for Fourier spectra take the form:
lg FS(T) = M + Att(A, M, T)+ b, (T)M + b (T)S™" + b (T)S® + by (T)v +
by(T)+b,"(1)S,” + b7 (1)S;” + b (T)M”,
where Att(A,M,T) is the frequency-dependent attenuation function (which depends upon the

representative source-to-station distance A, earthquake magnitude M, and period of motion 7),
v is the component orientation (v = 0 for horizontal and v = 1 for vertical components), S, $?
are indicator variables for the geological site condition s, defined as
g _ 1, if s =1(intermediate Slzes)
0, otherwise

s@ _ {1, if's =2 (basement rock sites)

0, otherwise ’
and SS) , ng) are indicator variables for the soil type s;, at the site, defined as
o _ L if s =1(stiff soil Sztes)
S;7 =
0, otherwise

@ 1, if s; =2(deep soil sztes)
L 710, otherwise

This model used for Yugoslav data is similar to the Mag-site + soil model used in the
Western USA by Lee and Trifunac. Descriptions of the steps required for the development of
these regression equations and illustrations of the results and comparison with the actual data
can be found in [78, 79].

Lee and Mani¢ [68] and Lee [77] used the same steps and procedures to perform regression
on pseudo relative velocity, PSV, spectra:
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g PSV(T) = M + Att(A, M, T) + by (T)M + " (T)SV + b (T)SP + by (T)v + by (T) +

+b{0 (TSP + 6P (TS + b (T)M?.

Descriptions of the detailed steps required for the development of these regression
equations, and illustrations of the results and comparison with the actual data can be found in
[77].

The equations of Lee and Trifunac [76] and Lee [77], and all of their generalizations to the
regression analyses of Yugoslav strong-motion data, considered the horizontal and vertical
response spectral amplitudes simultaneously in the same equation. These are differentiated by
the term b;(T)v, where v = 0 for the horizontal components and v = 1 for the vertical

components.

Essentially all other modern scaling studies, which are based on carefully verified contents
of the strong-motion database, and on the correct treatment of the local geological and soil site
conditions, and magnitude and intensity scales, have been presented by Mani¢ and his co-
authors [80-91]. A review and discussion of most of their studies can be found in [92] and will
not be repeated here.

6.3 Duration of Strong Motion

The duration of strong-motion acceleration a(7 )(or velocity or displacement) [61] can be
t
formulated as a time interval during which the energy integral /(¢) = Iaz(z')dz' gains 90% of
0
its final value. This definition can be further refined [93-95] by using a sum of the time
intervals where the slope of /() is greater than a predefined threshold level. To define the
dependence of strong-motion duration on frequency, the available frequency band can be
divided into 12 frequency bands, centered around (in log scale) /= 0.075, 0.12, 0.21, 0.37,
0.63,1.1,1.7,2.5,4.2, 7.2, 13, and 21 Hz. The duration energy integral is then studied in each
of the 12 frequency bands. It is denoted by dur(f), with f being one of the above central
frequencies for the 12 frequency bands. The scaling equation is given by

dur(f) = a,(f)+a,(HIM +ay (f)M? +a,(f)A+a3(1)SY +ay, (1)SP +ay, (1)S +
+ap ()SY,

where the strong-motion parameters M, A4, S(l), S(l), S?),Sf) are defined above. Further
details and the results of the analyses can be found in [93-95].

Novikova et al. [95] used the Mercalli-Cancani-Sieberg Intensity Scale (MCS) to study the
dependence of the duration of strong motion on the MCS intensities in the former Yugoslavia.
Following Shebalin [96, 97], they used the empirical equation to approximate MCS intensities:

IMCS: bM—k lgA ,-pA /+C,
where the I,cs intensity of shaking is produced by an earthquake with magnitude M, at

epicentral distance A (km) and focal depth H(km) (the hypocentral distance is 4" = VR*+H?
km). Novikova et al. [95] included only the site-condition terms and not the soil terms in their
analyses.
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7 CONCLUSIONS

There are three zones around earthquake sources. The teleseismic zone is the fourth one.
Every zone is characterized by different laws of amplitude attenuation, alteration of
predominant period and vibration duration with distance, amplification due to ground
condition, and faulting type. Therefore, the empirical estimations of these parameters are
dependent upon data distribution along the zones. It is difficult to describe the attenuation
curves for all of the zones by one, even very complicated, mathematical expression.

The seismic energy is radiated from some volume around the rupture, and there are
complex, non-linear processes near the source. Therefore, every zone must be studied
separately. According to the worldwide empirical data, the accuracy of empirical estimation of
1g(PGA) is about 0.15 dec. log. units. Uncertainties depend upon the direction of rupture
propagation, the velocity of this propagation, the distribution of stress in space, and other
source and medium parameters. Therefore, only the investigations of the strong ground record
of local earthquakes can give the best results.

Studies of strong-motion amplitudes in Europe often include the strong-motion data
recorded in the former Yugoslavia and aim to develop more general attenuation equations for
use in Europe and the Middle-East. Because of regional differences in the use of magnitude
and intensity scales, as well as the differences in the tectonic regions where strong-motion data
were recorded, such results should not be used in any European country because of the
unknown systematic biases in the predicted amplitudes.

The empirical studies of strong ground motion in the former Yugoslavia by Lee, Manic,
Novikova, Todorovska, and Trifunac are based only on the strong-motion data recorded there.
Consequently, their models for scaling the peaks of strong motion and the Fourier and response
spectrum amplitudes can be used in the site-specific scaling and in the macro- and micro-
zoning studies there.
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METODE ZA KARTIRANJE SEIZMICKOG HAZARDA

Rezime:

Rad razmatra matematicke metode za analizu seizmickog hazarda teorijom
verovatnoce (PSHA) i detaljno opisuje vaznije korake u prakti¢noj primeni te
metode. Glavni elementi PSHA sadrze definisanje zariSta zamljotresa, ucestalost
zemljotresa, i definisanje atenuacionih zavisnosti za odredeni parametar hazarda i
za svako zariSte. PSHA je prihvacena moderna metoda za proracun i kartiranje
seizmiCkog hazarda, a njena primena je ilustrovana primerima za teritoriju
severoistocne Indije.

Kljucne reci: PSHA metodologija, Zariste zemljotresa, atenuacija, seizmicko
zoniranje

SEISMIC HAZARD MAPPING METHODOLOGIES

Summary:

The paper presents a generalized mathematical formulation for probabilistic
seismic hazard analysis (PSHA) methodology, and detailed description on the major
steps involved in its practical implementation. Identification of various seismic
sources; and developing a suitable earthquake recurrence relationship, defining the
probability distribution of a desired distance metric, and selecting or developing an
appropriate attenuation relationship for a hazard parameter of interest for each
seismic source are the main elements of the PSHA methodology. This methodology
has at present become a state-of-art approach for seismic hazard mapping
applications, which has been illustrated by preparing the example-zoning maps for
northeast Indian region.

Key words: PSHA methodology, seismic source, attenuation relations, zoning maps
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1. INTRODUCTION

The seismic hazard mapping is concerned with estimating the values of a strong-motion
parameter of interest (e.g. peak ground motion amplitudes or response spectral amplitudes at
different natural periods) at a closely spaced grid of sites covering an entire area of interest due
to the expected rates and spatial distribution of different sizes of earthquakes. Seismic zoning
maps are prepared by delineating the zones of equal seismic hazard. Depending upon the size
of the area of interest and the resolution used for hazard mapping, zoning maps can be prepared
on macro or micro scale. Seismic macrozoning maps for a large region or whole of a country
are prepared using a coarse grid of sites (say 0.5° latitude x 0.5° longitude). Important
examples of macro zoning are the maps prepared under GSHAP [1] and those under several
other studies [2-4]. Such maps are able to reflect the presence of only major fault systems or
large seismically active zones. However, the characteristics of strong earthquake ground
shaking at a site depend on numerous soil and geological features surrounding the site, along
with that on the level and distribution of seismic activity. The microzoning maps of a
metropolitan area are able to include such fine details on a local scale. The microzoning maps
need not be limited to the peak acceleration and the response spectral amplitudes only. Recent
developments have enabled to prepare the microzonation maps in terms of several other hazard
parameters like normalized peak strains [5], surface faulting [6,7], strong motion duration [8]),
and liquefaction potential [9]. Well-prepared macro and micro zoning maps may be very useful
for earthquake resistant design of structures, site-evaluation, risk assessment, mitigation
measures, etc.

The deterministic approach based on a single scenario earthquake with fixed magnitude and
source-to-site distance [10-13] cannot be considered adequate and appropriate for the purpose
of hazard mapping. This is because each site in an area of interest is, in reality, exposed to
several different combinations of earthquake size and distance, and that the seismic hazard in
different frequency ranges is governed by different such combinations. The earthquake
occurrences being an inherently random process in time, space and size, all these parameters
need to be described by suitable probability distributions. Further, due to stochastic nature of
the seismic source and path effects, the values of strong ground motion parameter at a site is
also a random variable for each pair of earthquake size and distance. The basic probabilistic
seismic hazard analysis (PSHA) approach is able to integrate the effect of all these inherent
randomness to provide the estimate of a hazard parameter that will not be exceeded with a
desired confidence level due to any of the earthquakes expected to occur during a given
exposure period [11,14-20]. In addition, due to lack of exact knowledge and inadequacy of
available data, both the earthquake and ground motion parameters generally suffer from
considerable parametric or modeling uncertainties, termed commonly as “epistemic
uncertainties”. The inherent randomness on the other hand is known as “aleatory
uncertainties”. Recent developments have shown that epistemic uncertainties can also be
accounted in the PSHA approach in a scientifically rational manner using the logic-tree
approach [21]. However, there is no consensus on the way the uncertainties are to be assigned
and on how to take the final decision with epistemic uncertainties [22-26].

This paper describes in detail the salient features of the PSHA approach and its application
in seismic hazard mapping with illustrative examples from India. The PSHA approach is based
on defining the composite probability expression to estimate the expected (average) occurrence
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rate of a specified value of a strong-motion parameter of interest at a site due to the expected
seismicity in the various seismic sources in the region around the site. The paper first presents
the mathematical formulation for PSHA approach. Guidelines are then provided to identify
different types of seismic sources used in practical hazard mapping applications. To estimate
the occurrence rates of different sizes of earthquake at different source-to-site distances in each
seismic source, the methodologies to define the earthquake recurrence relationship and the
probability distribution of source-to-site distance are presented. This is followed by a detailed
description of the attenuation and scaling relations for various hazard parameters to define the
probability of exceeding a specified value of a hazard parameter due to given combination of
earthquake size and source-to-site distance. Application of the state-of-art PSHA approach is
finally illustrated by preparing the example zoning maps for the northeast Indian region. This
approach can similarly be applied for zoning and microzoning of areas in Bosna and
Hercegovina, and in Banja Luka, by using as a starting point the description of seismicity given
in the paper in this conference due to Herak and Herak [27].

2. THE PSHA METHODOLOGY

2.1 MATHEMATICAL FORMULATION

The PSHA formulation is fundamentally concerned with estimating the expected occurrence
rate, v(Z >z), of exceeding a specified value, z, of a random parameter, Z, used for
characterization of hazard at a site. For this purpose, the original formulation due to Cornell
[14] uses only those combinations of earthquake magnitude and distance which may cause a
specified mean or median estimate of Z to be exceeded. However, by considering the random
scattering of the amplitudes of hazard parameter around the mean or median estimate, the
occurrence rate can be defined using total probability theorem by the following generalized
expression

W(Z>z)= i N, (M) [ [[8(Z > 2|M, R, &) f,,(M)g,, (R)h()dMdRdz (1)
n=1

In this expression, N, (M ;,)represents the occurrence rate of earthquakes above a selected
threshold magnitude M,
number of source zones. Functions f, (/) and g,(R) are the probability density functions of

. in the nth source zone, and the summation is taken over all the N

magnitude and source-to-site distance for this source. Further, the expression of eqn. (1) is
based on the assumption that the logarithm of the values of the hazard parameter for magnitude
M and distance R follows a Gaussian distribution with mean value x(M,R) and standard

deviation o(M,R). The quantity 6(Z > z|M,R,g) is taken as 1.0 for Inz equal to w(M,R)

plus & times o(M,R) and zero otherwise, with /(g) as the standard Gaussian distribution

with zero mean and unit standard deviation. In practical applications, the probability
distribution of the amplitudes of hazard parameter is usually truncated arbitrarily at two to
three standard deviations, which cannot be considered appropriate. The upper limit on the
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hazard parameter has to be based on some physical grounds. However, it seems unlikely that
this problem may be solved in the near future [28].

Contrary to that assumed in eqn. (1), the residuals of the hazard parameter need not
necessarily be defined by a Gaussian density function [29]. It will therefore be more

generalized to replace the integral of the product of 5(Z > Z|M ,R,&) and h(e) over & by the

probability of exceeding level z due to magnitude M at distance R. Representing this
probability by ¢(Z > z|M ,R), the expression for the occurrence rate becomes

N
V(Z>2)=Y N, (M) [ [a(Z > M, R) 1, (M)g, (R)YAMdR )
n=l1

By discretizing the magnitude and distance for the nth source zone into small intervals like
(M; —6M;,M;+6M;) and (R;—6R;,R; +JR;) with central values M, and R;, the

occurrence rate of earthquakes in the jth magnitude and the ith distance interval can be defined
as

M +6M; R +6R;
Ay(M [, R)=N,(M ) [ [£,(M)g,(R)dMdR 3)
M ;—M ; R,~¢R;

The integral over M times the number N, (M,,;,) in this expression gives the total number,
n,(M ), of earthquakes in the magnitude interval (M ; —oM ;,M ; + M ;) as follows:

1, (M) = N(Myy IF, (M ; — M )~ F,(M ; + M )]
= N,(M; =M )~ N,(M; +5M ) @)

In this expression, F,(M)is the cumulative probability of magnitudes greater than or equal to
M and its product with N,(M,,,) gives the total number, N,(M), of earthquakes with
magnitude M or above. The N,(M) is commonly known as earthquake recurrence
relationship. Also, if G, (R|M )is the probability distribution function of the source-to-site

distance for magnitude M, the expression of eqn. (3) becomes

A (M, R;) = n, (M )[G,(R; + 6R;) = G, (R; = 6R;)] )

The expression of eqn. (2) can thus be written in the following discrete form:
N J I
o(Z2>2)=Y3Y q(Z>z2M;,R)-2,(M;,R,) (6)
n=1 j=1i=1

A total of J magnitude ranges and / distance ranges are considered for the summations in eqn.
(6). Further, if the same attenuation relation is applicable to all the seismic source zones, it is
possible to use directly the total annual number, n(M;,R;) of earthquakes obtained by adding

the numbers for all the source zones. The expression of eqn. (6) thus becomes [16,17]
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U(Z>Z)=Z

1
j=li=

q(Z > z|M S Ron(M ,R,) (7)

1

—_

In practical applications, the probabilistic hazard computation is commonly based on the
expressions of eqns. (6) or (7). By using the numbers, 1,(/y;,R;) or n(ly;,R;), of
earthquakes with epicentral intensity /,; at distance R;, the probabilistic hazard can also be
performed using the intensity data [30-32]. As will be illustrated later, the probability,
q(Z >z|l,;,R;), of Z> z is then obtained by summing over all the site intensities, the product
of the probability of exceeding value z due to a specified site intensity multiplied by the
probability of occurrence of that site intensity due to the combination /,; and R;.

The reciprocal of v(Z > z) gives the return period for the occurrence of an amplitude z or
above of the hazard parameter. Assuming the occurrence rate 4, (M ;, R;) to follow a Poisson
probability distribution, the occurrence rate v(Z >z), which is a linear combination of
A,(M ;,R;), can also be described by a Poisson probability distribution. Thus, the probability
of Z >z due to all the earthquakes in all the sources during an exposure period of Y years can

be written as

P(z > 2fy)=1-exp{-7 -0(Z > 2)) (8)

From this, the return period for the occurrence of Z > z can be defined in terms of P(Z > z|Y)

as follows

1

NZ>a = 0"pz> A7)

)

The plot of the probability P(Z > z|Y ) versus z is commonly known as the “hazard curve”.

The most widely adopted practice is to plot the hazard curve in terms of the annual (¥ = 1)
probability of exceedance. Assuming v(Z >z) to be very small, the annual probability of

exceedance is generally approximated by o(Z > z). The hazard curves are sometimes also
plotted as 7(Z >z) versus z. The various representations of the hazard curve are shown
schematically in Fig. 1. It may be noted that though the PSHA can equivalently be described by
any of the quantities o(Z >z), T(Z>z), P(Z> Z|Y =1) or P(Z> Z|Y), which are
interrelated by simple relations, the use of P(Z > z|Y ) provides a direct physical interpretation

of the results of PSHA. If Z represents the Fourier or response spectral amplitudes at different
periods, the hazard curves in terms of P(Z > z|Y ) can be used to obtain the complete spectrum

with a constant probability of exceedance. A spectrum thus obtained is commonly termed as
“uniform hazard spectrum”.
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Figure 1 — The various commonly used representations of the seismic hazard curves.

An alternative to the above analytical formulation for PSHA is the use of Monte Carlo
simulation in which a very long duration of earthquake catalog is generated from the
probability density functions of magnitude, epicentral location, and the inter-event time for
each source zone [33,34]. The amplitudes of the hazard parameter are then computed for all the
earthquakes in the simulated catalog using a suitable probability density function for the
residuals of the hazard parameter. The annual rate, v(Z > z), is finally obtained by counting

the number of years in which the maximum value of Z exceeds a specified value z, and
dividing it by the total duration in years of the catalog. This procedure generally takes much
more computational time without any apparent advantage for the case of Poisson occurrence of
carthquakes. However, it may sometimes be more convenient to use the simulation to account
for the epistemic type of uncertainties [34,35].

2.1.1 PSHA with Non-Poisson Earthquake Occurrences

The foregoing hazard formulation is based on the assumption that the occurrence of
earthquakes in a region is a stationary Poisson process, which may be violated in that the
earthquakes may be characterized by long as well as short-term temporal correlations. Under
the Poisson assumption, the inter-event times follow an exponential distribution with a constant
rate of occurrence. However, very large magnitude events in seismically active areas may
follow a long-term cyclic behavior with time varying rate of occurrence. Such events are
required to be described by a real-time renewal model, wherein the occurrence rate is small
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soon after a large earthquake and increases with the lapse of time since the last such event [36-
41]. Several studies have implemented the time-dependent renewal models in the PSHA
approach [42-46]. A renewal process that satisfies all the Poisson assumptions except the
constant occurrence rate is called a “non-homogeneous Poisson process”. It is required to be
defined by a time-dependent occurrence rate, which can be obtained from the hazard function
based on the probability distribution of inter-event times. The PSHA formulation of eqn. (8) for
the stationary Poisson processes is applicable to such events also, if their average occurrence
rate is obtained using a time-dependent hazard function [45].

The expression of eqn. (8) is, however, not applicable to the events like aftershocks and
sequential earthquakes, which are characterized by strong spatio-temporal correlation among
themselves as well as with the main shock. To include the effect of the aftershocks it is
necessary to decluster the available earthquake catalog using a suitable algorithm [47-49]. Only
the background seismicity is then described by the Poisson model, and the aftershocks by some
other suitable model [50-54]. The aftershocks can also be described by a Poisson model with
time-dependent occurrence rate defined by the modified Omori’s law [55]. If no standard
distribution is found suitable, an actual probability density function can be obtained by
summation of a suitable kernel function with the observed inter-event times [56]. A large
number of earthquake catalogs of Y years of duration are then simulated using Poisson
distribution with constant occurrence rate for the main shocks, and a suitable distribution for
the aftershocks. Beauval et al. [57] have proposed to simulate the combined seismicity using
epidemic type aftershock sequence as described in Ogata [58]. Next, the amplitudes of a
desired hazard parameter are simulated for all the earthquakes in these catalogs, from which

the probability P(Z > z|Y ) is defined as the fraction of the total number of catalogs with the

maximum value of the hazard parameter exceeding the value z.

A more efficient method to account for the effect of the aftershocks may perhaps be to
generate only a single catalog of Y years duration for the aftershocks and assume them to occur

in a literal way. If n(M zst|Y ) is the total number of aftershocks in Y years in a small
magnitude interval around central magnitude M; and in a small distance interval around

central distance R, , the probability of Z > z due to these events to occur in a deterministic
way can be defined as [16]

P(Z>y)=1- exp{§ iln(l -q(Z >z|M},R,)- 77(M,,Rk|Y)} (10)
k=1/=1

By carrying out the hazard analysis for the declustered catalog of the main shocks using the
expression of eqn. (8), the combined probability of Z >z from both the main earthquakes and
the aftershocks can be defined as

P*(Z > 2J¥) = 1-expl-Yu(Z > 2)}- - P'(Z > A1)} (1)

This expression is expected to provide adequately conservative estimate of the hazard for
practical applications. Further, the effect of any other type of events occurring in a literal way
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(e.g., earthquake prediction) can also be included in P (Z> Z|Y ) by including their numbers in

n(M,R|Y).

2.2 STEPS INVOLVED IN PSHA APPROACH

The four basic steps involved in the implementation of the state of art PSHA formulation
are depicted schematically in Fig. 2 below.

Sources and Distribution of Seismicity Recurrence Models
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Figure 2 — Illustration of the basic elements of the PSHA formulation.
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The first step is to identify and demarcate the boundaries of the various seismic sources.
Normally, the sources within about 300 to 400 km (depending on the tectonic region) of the
site are sufficient for the purpose. Each of the sources is divided into a large number of small
size elements, and the expected seismicity in a source is distributed suitably among all the
elements. The epicenters of all the expected earthquakes in an element are assumed to occur at
its geometric center. The probability distribution function, G(R), of a particular type of source-
to-site distance, R, is then defined using the distances to all the elements as illustrated in top
left panel in Fig. 2.
ina

To estimate the total number, N,(M,,;,) , of earthquakes with magnitude above M ;,

source zone, the frequency-magnitude relationship due to Gutenberg and Richter [59] is
defined for each source zone in step-2. These numbers are then distributed among different

magnitude intervals between M, ; and a maximum magnitude M, by using a suitable

earthquake recurrence relationship. The exponentially decaying magnitude distribution is
generally found suitable for area sources, whereas a characteristic earthquake model is
commonly used for individual faults [60]. Alternatively, one may generate the synthetic
catalogs for each source zone by estimating the parameters of the probability density functions
for magnitude, occurrence time, and distance, defined from the available earthquake catalog.

A suitable attenuation relationship providing a probabilistic description of the amplitudes of
the hazard parameter is required to be selected or developed in step-3. This should provide the
mean or median estimate and the corresponding probability distribution of the residuals for
specified earthquake magnitude, source-to-site distance, and site geologic and soil conditions.

This is used to estimate the probability g(Z > z|M ,R) as illustrated in the bottom left panel in

Fig. 2. A single attenuation relation may normally be applicable to all the source zones, but
different relations may also be used, if necessary. For example, as in the northeast India, if a
site is affected simultaneously by shallow crustal and deep subduction zone earthquakes, those
are required to be described by different attenuation relations.

The fourth and the final step in the basic PSHA is to compute the hazard curves by
integrating over all the magnitudes and distances in all the source zones. Several hazard curves
are required to compute the uniform hazard spectra as shown in the bottom right panel in Fig.
2.

2.3 PSHA WITH EPISTEMIC UNCERTAINTIES

It may be noted that due to lack of exact scientific knowledge and inadequacy of available
data, it may not be possible to establish the first three steps of PSHA in a unique way [61]. For
example, there could be several possible choices for the definition of seismic source zones and
distribution of distance, type of earthquake recurrence model and the maximum magnitude for
each source, as well as for the attenuation relationship for the hazard parameter of interest. Due
to these epistemic uncertainties, a large number of different sets of input with different weights
may be possible in the PSHA, which can be identified by the logic-tree method [21]. A typical
logic-tree depicting the possible uncertainties in the various elements of the basic PSHA is
shown in Fig. 3. The basic principle to be followed in setting up a logic-tree is that the
branches emanating from a single node should cover only the physically realizable distinct
possibilities, which may lead to significantly different estimate of the hazard.
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Source Seismicity Recurrence | Moment Maximum Spatial Attenuation
Zones Data Relation Rate Magnitude Distribution Model

model-1

(0.4)
small Uniform model-2
(0.3) (0.4) (0.4)
Constant Seismicity preferred model-3
(0.5) (0.4) Past (0.2)
Set-1 Catalog-1 large Seismicity
Large
(0.4) (0.6) Constant ———— (0.3) (0.6)
Set-2 Moment (0.4)

(0.4) (0.5)
Set-3 Catalog-2 Average
(0.2) (0.4) (0.6

Figure 3 — A typical logic-tree to account for the epistemic uncertainties in
PSHA formulation

In the logic-tree of Fig. 3, three sets of source zones with different weights may result from
different interpretations and subjective judgments for a given database on seismotectonics and
geological features in the region of interest. Two different sets with weights of 0.6 and 0.4 for
the past earthquake catalog is the second element of the logic-tree, which may result from the
availability of several catalogs prepared by different organizations or use of different methods
for homogenization of magnitudes in a given catalog. Two options with equal weights are
shown for the two different types of recurrence relationship to be explained in more details
later. Further, two different moment release rates are considered in the recurrence relationship
with constant moment rate. The next element in the logic tree is the maximum magnitude, for
which three options as small, large and preferred with weights of 0.3, 0.3 and 0.4 are
considered for each source zone. The spatial distribution of seismicity in a source zone is
considered in two different ways as uniform distribution and that based on spatially smoothed
past seismicity. Finally, there are three different options for the ground motion attenuation
model with weights equal to 0.4, 0.3 and 0.3.

The example logic-tree in Fig. 3 has a total of 324 end branches, which is given by the
product of the number of different options for each input element. The weight for an end
branch is given by the product of the weights of all the intermediate branches leading to that
branch. To account for the effect of the epistemic uncertainties, the basic PSHA is performed
for all the combinations of the input leading to various end branches, and the resulting hazard
curves are assigned the corresponding weights. These can be used to define the mean or the
median hazard curve, as well as the hazard curves with desired confidence levels. However, at
present, there is no widely accepted practice for the choice of the hazard curve for use in
practical applications.

3. IDENTIFICATION OF SEISMIC SOURCES

The foregoing description indicates that to implement the PSHA methodology in practical
applications, it is necessary to define two basic inputs for all the seismic sources in the region
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of interest. The first one is the occurrence rates for different combinations of earthquake
magnitude and source-to-site distance, which needs to specify the earthquake recurrence
relationship and distance distribution for each seismic source. The second one is the probability
of exceeding a specified value of a hazard parameter due to given magnitude and distance
combination, which needs to specify for each seismic source the probabilistic attenuation or
scaling relationship for the parameter of interest. Therefore, the very first step in the PSHA
method is to identify and define all possible seismic sources in the region under study.

A seismic source represents the zone of the earth’s crust with distinctly different
characteristics of earthquake activity from those of the adjacent crust. As the earthquakes are
caused by faulting, in an ideal situation, all the seismic sources should be specific faults or fault
segments. However, due to lack of knowledge about all the faults and wide dispersion of the
epicenters of past earthquakes in relation to the known faults, broad area sources encompassing
several faults are used commonly in real practice. Such seismic sources may be associated with
the geological structures like uplifts, rifts, folds and volcanoes, which release the tectonic
stresses and localize the seismic activity. Another type of seismic source used in practical
applications is the “tectonic province”, which generally covers a large geographic area of
diffused seismicity with no identifiable active faults or geological structures. When defined on
the basis of historical seismicity patterns, a large region can be subdivided into small regular
areas that may be treated as individual source zones [62]. With this approach, it is assumed that
the spatial variation in the occurrence rate of future earthquakes is similar to the historical
pattern of seismicity.

The source zones in a region are identified on the basis of some sort of geological,
geophysical, geodetic and seismotectonic uniformity. The seismic potential of a source zone
has to be distinctly different from the other adjacent sources. As the available data in most
cases are far less than adequate, expert knowledge, detailed familiarity with the geology in the
area, interpretation and judgment play important role in defining the seismic sources. The
following three types of source zones can be considered sufficient for most practical PSHA
applications.

Line Source: A nearly vertical fault with seismicity related closely to its surface trace can be
idealized as a line source (not necessarily straight). This can be considered the simplest type of
seismic source, the geometry of which is specified completely by the coordinates (latitudes and
longitudes) of a series of points defining the fault trace, and the depth to the upper edge and
width of the fault plane. In this type of source, the seismicity is usually, but not necessarily,
assumed to be distributed uniformly over its entire length. In the first PSHA formulation,
Cornell [14] considered a straight-line fault and provided an expression for the distance to a
site from any point on the fault trace. Anderson and Trifunac [16] defined the closest distance
to the ruptured segment for a specified earthquake magnitude and epicentral location on a
curved fault trace. This paper has generalized this approach to obtain the other distance metrics
also, which consider the effect of fault rupture dimensions [63].

Dipping Plane Source: This can be considered the most realistic type of seismic source in
which the expected seismicity is associated closely with a dipping fault plane of length L and
width . The geometry of a dipping plane source can be specified by a series of coordinates
(latitudes and longitudes) defining the surface projection of the upper edge of the dipping fault
plane at depth D, and the dip angle ¢. Anderson and Trifunac [16] introduced this type of
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source zone to define the closest distance to the fault rupture area for given magnitude and
location on the dipping plane source, which has been generalized to other distance metrics in
the present study.

Area Source: This is the most widely used type of source zone in practical PSHA applications.
Large size area sources of diffused seismicity have to be used when exact knowledge of the
causative faults is lacking and the observed seismicity is associated with a localizing geologic
structure or a tectonic province. Cornell [14] considered the area type of source defined by an
annular area around the site of interest to define the epicentral distances. This was generalized
by Anderson and Trifunac [16] to be of any arbitrary shape and located anywhere with respect
to the site to estimate also the closest distance to the fault trace. The geometry of an area source
of arbitrary shape is defined by the coordinates (latitude and longitude) of its boundary. As the
strike of the fault rupture length for a given magnitude and epicentral location in an area source
is not known, Anderson and Trifunac [16] defined the closest distance to fault trace assuming
equally likely straight line rupture in all the strike directions from 0° to 360°. However, even
when the fault details are not known, it may be possible to constrain the angle of strike from
knowledge of the general tectonic framework or stress directions on a regional scale in many
cases. For example, conjugate fault systems are often seen to exist with strikes around 30° to
the direction of maximum principal compressive stress [64]. Constraining the angle of strike
within limited ranges (say, = 10°) around these conjugate directions may provide a suitable
practical way to obtain the distance estimates. Further, to define the other distance metrics it is
also necessary to specify the dip angle and the location of the fault plane rupture area inside the
earth. The paper presents a practical approach to estimate the various distance metrics for any
specified magnitude, focal depth and epicentral location in an area source with fault rupture
details not known.

3.1 AN EXAMPLE OF DEFINING THE SEISMIC SOURCES

Based on a very comprehensive analysis of seismotectonic characteristics, Gupta [65] has
defined broad fault and area type of seismic sources for India and surrounding areas. His
results for the northeast Indian region, which is one of the most complex tectonic provinces in
the world [66-69], are presented here for the purpose of illustration. The northeast Indian
region being overthrusted by the Eastern Himalaya in the north-northeast and the Burmese arc
in the east-southeast is characterized by very high level of seismicity with two devastating
earthquakes with magnitude 8.0 (+) having occurred in 1897 and 1950, respectively. The high
level of seismic activity in the region is attributed to the large-scale horizontal crustal
movements under the framework of plate tectonics. The major tectonic features in the region
are shown in Fig. 4, which include the Eastern Himalaya and Lohit-Mishmi thrusts, Naga Hills
and Arakan-Yoma Fold Belt, Tripura Fold Belt, Shillong Plateau and Mikir Hills, Brahmputra
Basin, and Surma Valley and Bengal Basin. Fig. 4 also shows the correlation of available data
on past earthquake with the tectonic features, which indicates that the observed seismicity
broadly follows the trend of the major tectonic features in the region.
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Figure 4 — Major tectonic features and the associated seismicity in the northeast
Indian region.

Similar to that for the rest of the Himalayan arc, the major thrust planes like main boundary
fault (MBF) and main central thrust (MCT) in the eastern Himalayas were also produced as a
result of the north-northeastwards underthrusting of the Indian plate for past 40 — 50 million
years. The eastern Himalayan arc takes a sharp turn of nearly 90° near 28° N and 96° E to meet
the structures of the Burmese arc, which trends in a NNE-SSW to N-S direction. This region
comprising the Lohit-Mishmi thrusts is known as Assam syntaxis. The eastward underthrusting
of the Indian plate resulted in the formation of Indo-Burma ranges, comprising of the Naga
thrusts and the Arakan-Yoma Fold Belt. Due to the continuing compressive forces between the
two plates during Oligocene to recent times produced the Tripura Fold Belt to the west of
Arakan-Yoma and the Burmese Molasse basin to its east.

The Shillong plateau including Mikir Hills consists of pre-Cambrian crystalline and
metamorphic rocks, believed to have been continuous with the peninsular shield of India in
older times. It forms the basement on which the alluvium and unfolded Tertiary formations of
Assam and Bengal basins have been deposited. The Shillong plateau and Mikir Hills have a
history of tectonic uplift, at least since early Tertiary period. The Shillong massif is surrounded
by active faults on its all sides with Dauki fault to the south, Dhubri or Jamuna fault to the
west, postulated Oldham fault to the north, and Kopili fault to the east.
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Figure 5 — The various seismic sources identified in the northeast Indian region.

The various possible seismic sources proposed in the northeast Indian region on the basis of
the foregoing description of the tectonic features and the correlation of past seismicity with
them are shown in Fig. 5. Source 1 is characterized by shallow crustal seismicity in the
overriding Burmese plate and corresponds to the San-Sagaing fault. In the Arakan Yoma
ranges and the area of Naga Disang thrusts, sources 2 to 7 are related to the subduction of the
Indian plate below the Burmese plate. Sources 2 and 3 are relatively more active, where the
seismicity is of somewhat deeper origin due to the subduction of the Indian plate. Sources 5
and 6 on the other hand represent the seismicity at shallower subduction depths. Due to the
projection of the Indian plate, the collision first took place in the Naga Hills section, and the
subduction is believed to be already stopped in the area [70]. The tectonic activity connected
with the Mishmi massif is also overthrusted onto the Indo-Burmese tectonic features, resulting
in somewhat diffused picture of seismicity in the extreme northeast area. Sources 4 and 7 are
therefore characterized mostly by shallow crustal seismicity. Source zone 8 is considered to
represent the Assam syntaxis and the Lohit-Mishmi thrusts.

Seismic sources 9 to 13 cover the intervening area between the Eastern Himalaya and the
Burmese arc. The source 9 represents the area to the east of Mikir massif up to about Mishmi
thrust. This shows a relative lack of seismicity and defines the Assam Seismic Gap [71].
Source 10 represents the area encompassing the Shillong massif, Mikir massif and the northern
Bengal basin. Two sub-sources ‘a’ and 'b’ corresponding to a well-defined trend of epicenters
along the northern margin of the plateau and another somewhat diffused trend along the
southern margin are identified as shown by the shaded areas in this source. Seismic source 11
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corresponds to the area of Tripura folding and source 12 to the areca of Surma valley and
Bengal basin. The area of source 13 is characterized by low-level of diffused seismicity, which
is probably associated with a system of NW-SE trending lineaments, most important among
which are the Tista and the Padma lineaments (Fig. 4).

Sources 14 to 17 correspond to the different segments of the Eastern Himalayan Tectonic
Belt, and are defined on the basis of the variation in seismotectonic characteristics or locations
with marked clustering of epicenters. Such locations are in general represented by the presence
of some active transverse feature or a sharp turn in the Himalayan longitudinal trend. The
seismic sources 18 to 21 to the north of the Himalayan belt represent the Tethys Himalaya and
the Indo-Tsangpo suture zone, which is the area of the initial collision of Indian and Eurasian
plates. Some of the transverse Himalayan features extend through this area, and the delineation
of various sources here is based on these features and the spatial variation of the seismicity.
Further to the north, the source 22 in the trans-Himalayan area is characterized by quite high
level of seismicity related to major left-lateral strike-slip faults like Altyn Tagh, Kunlun and
KangTing faults. Far away from the Indian border, this is a quite large seismic source defined
mainly on the basis of the epicentral distribution.

In general, the seismic sources in practical applications cannot be defined in a unique way
[72]. Some subjectivity is inevitable due to inadequacy or non-availability of the required data,
and also due to possible alternative interpretations of the available data. Borders between
source regions are usually not sharp with respect to seismic activity. Furthermore, the complete
understanding of the long-term tectonic processes is generally lacking in many cases. To
account for the uncertainties in defining the source zones, more than one set of source zones is
required to be used as indicated in the logic tree diagram of Fig. 3.

4. EARTHQUAKE RECURRENCE RELATIONSHIPS

An earthquake recurrence relationship defines the annual occurrence rate, N(M), of

carthquakes with magnitude greater than or equal to M which, for a seismic source or a fault
zone, is governed by the following classical relationship due to Gutenberg and Richter [59]

N(M)=10""M (12)

In this relation, a and b are the constants specific to a seismic source, which are commonly
estimated using available data on past earthquakes. To evaluate a and b-values, it is necessary
to convert the available data into a common magnitude scale using suitable empirical
conversion relations [73,74] and to remove the dependent events using an appropriate
algorithm [48,49,75]. It is also necessary to account for the incompleteness of lower
magnitude earthquakes, for which several methods have been proposed by different
investigators [76-81]. However, the procedure due to Stepp [76] can be considered quite
suitable and convenient for the practical hazard analysis applications. Then, the parameters a
and b in eqn. (12) can be evaluated by least squares, maximum likelihood [82,83] or the
maximum entropy method [84], but the maximum likelihood method can in general be
considered quite appropriate.
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In terms of the total number, N(M
the relationship of eqn. (12) can be written as

), of earthquakes above a lower threshold magnitude,

min
M min >

N(M)=N(M ;e PM M) with g =bInl0 (13)
The density function, n(M), giving the number of earthquakes per unit magnitude can also be
defined as

)ﬂe—ﬂ(M—Mmin) (14)

n(M) = ——dZ ](\7)

=N (M min
Both the density and the distribution functions as above do not consider any upper limit on the
magnitude. However, in practical engineering applications, it is necessary to consider an upper
bound magnitude, M,,,. This can be done in several different ways leading to different forms
of the recurrence relationship.

An abrupt truncation of the distribution function of eqn. (13) at M,,., as used by Bath [85]
and Anderson [86], results in increased number of earthquakes in a small interval around M,
[87]. This leads to the first form of density function as follows:

m (M) = N(M i) "M H (M
N(M ., )e_ﬂ(M_Mmin)é‘(M

max _M)+
(15)
_M)

max

where H(:) and S(:) are the Heaviside step function and the Dirac delta function, respectively.

Similarly, truncating directly the density function of eqn. (14) at M, gives the second model
as

ny (M) = N(M i) fe P M) (o — M) (16)

The corresponding cumulative model was suggested by Chinnery and North [88]. Some of the
studies [89,90] have used a normalization factor of 1.0/(1-exp(—f(M . — Myin) ) in the

relationship of eqn. (16). However, N(M,,;,) is then required to be defined up to magnitude
M, only. As N(M,,;,) in the present study represents all the earthquakes with magnitude M,,;,
or above, as obtained from the relationship of eqn. (12), no normalization factor is necessary.
Further, instead of an abrupt truncation of eqn. (16), if a smooth asymptotic decay is
considered, the third density function can be obtained as [91]

1y (M) = N(M ) fle” M o) — 7P MM 1H (M, — M) (17)

min

Certain faults are seen to produce more frequent earthquakes close to M, than that
described by the above three models. For such cases, Youngs and Coppersmith [60] have
suggested to use the density function of eqn. (16) up to a lower magnitude M, =M, —AM, .
In the magnitude range M, to M,,,., known as the characteristic earthquakes, they proposed to
use a constant density function obtained from that for the non-characteristic earthquakes at a

further lower magnitude M'= M_—AM'. In practical applications, the intervals AM, and

AM"are commonly taken as 0.5 and 1.0, respectively. With this, a fourth model for the density
function can be defined as
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N(M i) e P Muin) M <M <M,

min =

, (18)
n4(M) ;MCSM<Mmax

”4(M):{

Integration of the above four models for the density function over the magnitude range M
to M, provides the corresponding recurrence relationships as follows:

Ny(M)=NM)e "M M) (M, - M) (19)

Ny (M) = N(M i, e M) — =P Ona= M) 11 (M — M) (20)

Ny (M) = N(M. . e P Muin) _ g=B M =Mun) _

(2D
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Figure 6 — Comparison of various recurrence relationships for the
constant seismicity constraint.

To get an idea about the behavior of the models of eqns. (19) to (22), they are plotted in Fig.
6 for M,,;,= 4.0, M,,.. =8.0, b=1.0, and a normalized vale of N(M,,;,) =1.0. Except for the first
model, all the other models decay to zero in significantly different ways as M approaches M,,,..
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For example, model-3 decays much faster than model-2, whereas model-4 for characteristic
carthquakes decays almost abruptly to zero and is seen to have the highest ordinates for the
lower magnitudes. Though the characteristic earthquake model is supported theoretically as
well as by observations by some [92,93], it is challenged by others [94]. Without having the
observational data for a very long period covering several cycles of stress build-up and release,
it may be difficult to validate or disprove the characteristic model. The published literature
refers to many other forms of recurrence relations [95], but one of the above four models is
expected to describe the observational behavior well. By fitting one of these relationships to
define the seismicity for the nth source zone, the total number, n,(M ), of earthquakes in the

magnitude interval (M; —-6M;, M;+JM ;) in that source zone can be estimated from the

relationship of eqn. (4).

4.1 EFFECT OF MOMENT RELEASE CONSTRAINT

The foregoing recurrence relations can be termed as constant seismicity models because, in
these relations, the number of lower magnitude earthquakes are independent of the maximum

magnitude M, . In reality, lowering of M, will result in lower moment release rate if it is

not compensated by increasing the total number of earthquakes N(M,;,). Assuming that all

min

the slip on a fault has occurred seismically without any creep, the moment release rate can be
defined in terms of the slip rate 2 in cm/year, and the area A of the fault rupture plane in cm’

as Mo = 1141 [96], where x is the modulus of rigidity in dyne/cm?® of the crustal rock around

the fault gouge. The long term average slip rate # can be determined from geological or
geodetic field investigations, which can be used to determine the average moment release rate
due to all the seismic events that may have occurred on a fault zone during the geological past.
Using the moment release rate MO per year thus determined, it is possible to define the

foregoing recurrence relationships for given M, and b-value as described in the following [86,
97-101].

The seismic moment released during an earthquake can empirically be related to the
magnitude through an expression of the form logM, (M) = ¢+ dM where ¢ = 16.0 and d = 1.5

for M, in units of dyne-cm [102]. Using this, the seismic moment release rate due to all
earthquakes up to magnitude M,,,, can theoretically be obtained as

M,

M, = [M,(M)n(M)dM (23)

—00

The expressions for the moment release rate in terms of the occurrence rate N(M ;) and the

min

upper bound magnitude M,,,, are thus obtained for the first three models as follows:
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In the above expressions, M, (M) represents the moment released due to the upper bound
magnitude.
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the maximum magnitude with constant moment release constant.
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By using the moment release rate M , estimated from the long-term geological slip rates,

the expressions of eqn. (24) can be used to estimate the occurrence rate N(M,,;,) from any of
the four models. To illustrate the application of this approach, Fig. 7 shows the dependence of
N(M,;, =4.0) on M,,,. for moment release rate of 1.0x10*® dyne-cm/year and b-value of 0.8.
The logarithm of N(4.0) is seen to decrease linearly with increase in M,,, at quite fast rate,
indicating that N(M,,;,) may change considerably with M, to satisfy the moment release
constraint. The recurrence relationship based on the N(M,,;,) thus obtained may lead to
considerably different estimation of hazard than that based on the constant seismicity
constraint.

It may be noted that both the constant seismicity and constant moment release recurrence
relationships for a source zone are generally associated with considerable epistemic
uncertainties. There may be uncertainties about the model to be used and the choice of the
lower threshold and the maximum magnitudes. Depending upon the empirical conversion
relations used for homogenization of magnitude, criteria adopted for removal of dependent
events and the method used for identification of the periods of completeness for different
magnitude ranges, the N(M,,;,,) and b-value may vary substantially. Also, the values of these
parameters may vary with the method of estimation (e.g. least squares, maximum likelihood, or
maximum entropy method). Further, the moment release rate may also be associated with some
uncertainties. To account for such epistemic uncertainties in the recurrence relationship by
logic- tree approach, one may have to deal with several recurrence models with parameters
varying over wide ranges as shown in Fig. 3.

5. SOURCE-TO-SITE DISTANCE DISTRIBUTION

The probability distribution of a desired type of source-to-site distance for each seismic
source is required to distribute the total number of earthquakes in different magnitude intervals,
as obtained from the magnitude recurrence relationship, among different distance intervals. To
consider the effect of the finite size of fault rupture plane during an earthquake, several
different measures of source-to-site distance (e.g. closest distance to the fault rupture area, R,,,,
the closest distance to the fault rupture within the seismogenic crust, R,.;, and the closest
distance to the surface projection of the fault rupture area, R;;) are used in the ground motion
attenuation models [63]. The distance distribution for a seismic source can be defined simply
by estimating the values of a desired distance metrics for all possible epicentral locations in the
source zone with each location assigned with a suitable weight factor. All the epicentral
locations are assigned the same weight for uniform distribution of seismicity. Weights for non-
uniform distribution can be defined by proper spatial smoothing of the past seismicity [103-
105]. If the effect of aftershocks is to be also included, those can be distributed around the
main shocks according to an isotropic probability density function [106,107].

For a specific earthquake with fault rupture scenario (size and geometry) known in detail,
the estimation of any of the distances is a trivial task [108]. However, for postulated earthquake
magnitude, epicentral location and focal depth in an area type of seismic source with fault
rupture details not known, the distance estimation is not that straight forward. The value of a
particular type of distance for given epicentral location in the area source is therefore proposed
to be taken as the average of the values obtained for uniformly random strike and dip angles for
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a rectangular fault rupture area with length and width obtained from the empirical relations due
to Wells and Coppersmith [109]. As mentioned before, strike and dip angles can be taken as
random over their complete ranges if there is no basis to constrain those within preferred
ranges.
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Figure 8 — Distance distribution at Shillong for seismic subsource-10b with strike and dip
angles assumed to be completely random.

Based on completely random strike and dip angles, Fig. 8 shows typical examples of the
distribution for the closest distance to fault rupture plane for Shillong site and subsource-b in
the main seismic source-10 in Fig. 5. Results are presented for both uniform and non-uniform
distributions of the seismicity. Distributions for the epicentral distance are also plotted in Fig. 5
to get an idea about the fault rupture effects on the distance distributions for different
magnitudes. It is seen that with increase in magnitude, the distributions for R,,, distance are

shifted significantly towards the lower distances. However, as the past seismicity is seen to be
diffused over the entire source zone, the effect of non-uniform distribution is not seen to be that
significant in this case. Fig. 9 shows similar results for Guwahati site and subsource-10a, for
which strike is constrained between 75° and 100° and dip angle between 65° and 75°,
following the trend of the tectonic features. The effects of the increase in fault rupture
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dimensions with increase in magnitude and that of the non-uniform distribution of seismicity
are seen to be more significant in this case.

Guwahati and Source—10a Combination

T T =T

T T
| Uniform Distribution

0.8 ) .
06 e i

04 o N

Probability G(R)

0.2 . 7

0.0
1.0

08 -

0.6 |-

04 -

Probability G(R)

02

1
50 100 150 200

L 1 1
0.0 0

Distance R, km

Figure 9 — Distance distribution at Guwahati for seismic source-10a with strike and dip to be
random within limited ranges.

For the case of line sources, the distance R;, for given earthquake magnitude and epicentral
location can be taken as the closest distance to the associated rupture segment of the fault trace.
To define the probability distribution of Ry, it is sufficient to assume unilateral rupture and
consider sequentially the epicentral locations over a fault segment of length (L — /) only from
either end, where / is the rupture length and L is the total length of the line source [16]. On the
other hand, for estimation of R,,, and R, distances, it is necessary to consider the effect of
fault rupture width, w, also. For this purpose, assuming unilateral rupture propagation in
downward direction, several equally likely depths to the upper edge of the fault rupture due to
specified earthquake magnitude are considered between depth D to the upper edge of the fault
plane and depth (D+W-w), with W as the total width of the fault plane. If the depth to the upper
edge of rupture is more than 3.0 km, both R,,, and R,.;; are equal to the closest distance to the
fault rupture segment at this depth. Otherwise, a depth of 3.0 km is used for R, distance,
which is the average depth to the seismogenic crust [110]. Using spatial averaging along the
fault trace, the non-uniform weight factors can be defined for this type of source also. The line

76



source can be considered a special case of the more generalized dipping plane type of source
with a dip angle of 90°, as described in the following.
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Figure 10 — Distance distribution at Kohima for seismic source-6 representing a
easterly dipping thrust plane.

The dipping plane source can be considered the most realistic type of seismic source, for
which the seismicity is expected to be associated closely with a dipping fault plane of length L
and width W. To define the probability distributions of various distance metrics for this type of
source, the entire fault plane is discretized into a grid of small sizes of square elements with
center of each element as the possible earthquake location with an appropriate weight factor.
Non-uniform weight factors can be defined for this type of source by spatial averaging of past
earthquakes projected on the dipping plane source and then treating it like an area type of
source. Fig. 10 shows a typical example of the distance distribution for dipping plane type of
source, viz., source-6 in Fig. 5, at Kohima site. Based on the depth section of past earthquakes
along this source, it is defined to be a thrust plane with dip angle of 30° towards southeast. This
source corresponds to the initial portion of the subduction of Indian plate below the Burmese
plate. The width of the fault plane is taken to be 70 km with its upper edge at a depth of 5 km.
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The results in Fig. 10 also show very strong and characteristic dependence on earthquake
magnitude and spatial distribution of the seismicity.

6. ATTENUATION RELATIONSHIPS

Attenuation or scaling relationships are required to define the probability, ¢(Z > z|M ,R), of

exceeding a specified value, z, of a hazard parameter, Z, due to an earthquake of magnitude M
at a source-to-site distance R. A median attenuation relationship is commonly developed by
fitting a simple equation in terms of a limited number of earthquake and site parameters to the
z-values observed during past earthquakes. For areas deficient in recorded data, simulated data
using seismological source model approach have been also used to develop the attenuation
relations for some of the hazard parameters [111,112]. A median attenuation relation is seen to
be associated with large random uncertainties in that the observed or simulated z values are
generally scattered widely. This scattering can mainly be attributed to not considering the
dependence on several parameters (e.g. stress-drop, radiation pattern; etc.), possible random
errors in the values of the governing parameters (e.g. magnitude, distance, and site condition),
and the use of a simplified and idealized form for the attenuation equation. To quantify the
random scattering in the data, the residuals between the observed values and the corresponding
model predictions are defined by suitable probability distribution, due to which the attenuation
relations become probabilistic in nature.

The random (aleatory) uncertainties in an attenuation relationship can, in principle, be
reduced to some extent by incorporating additional governing parameters in the model and by
using more complicated functional form for the attenuation equation. But, in reality, it may not
be possible to define accurately the values of the additional parameters and to get stable
estimate of the added regression coefficients involved. Thus, the reduction in the aleatory
uncertainties may be offset by increase in the epistemic type of uncertainties in specifying the
values of the input governing parameters and inaccuracies in estimating the regression
coefficients. Thus, unlike other input quantities to the PSHA, the classification of uncertainties
as aleatory and epistemic in case of attenuation relationships is somewhat dubious [113,114].
Simple attenuation models with a limited number of parameters only are therefore used in
practical applications. However, due to a limited database available in most real situations, the
estimated mean or median relationship as well as the distribution of the residuals is generally
associated with significant epistemic uncertainties. As these uncertainties cannot be defined
directly from the database, several different attenuation relations with appropriate weights are
used to account for their effects in practical applications [115,116].

As mentioned before, the hazard mapping may be performed in terms of a variety of
different strong motion parameters such as peak acceleration, response spectrum amplitudes,
strong motion duration, potential for liquefaction, and permanent fault displacement. The

details on how to define the probability ¢(Z > z|M ,R) for many of these parameters are given

in Gupta [20]. However, the response spectrum is used most widely for characterizing the
seismic hazard in various earthquake-engineering applications. The attenuation relations for the
same are therefore reviewed briefly in this section.
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6.1 RESPONSE SPECTRUM ATTENUATION RELATIONS

Similar to that for the peak ground acceleration, empirical attenuation relations have been
also developed for the response spectrum ordinates at different natural periods. Notable among
the earliest attenuation relations for response spectral amplitudes are those due to Trifunac
[117,118]. Most recently, the spectral attenuation relations known as NGA relations are
published in the February 2008 issue of the Earthquake Spectra [119-121]. It may, however, be
noted that the available studies on response spectrum attenuation have used widely differing
functional forms, different types of earthquake magnitude (e.g. moment, surface-wave or body-
wave) and different measures of the source-to-site distance (e.g. epicentral, hypocentral, closest
distance to the rupture surface, closest distance to the surface projection of the rupture plane,
etc.). Also, the site condition in different relations has been defined in widely varying ways,
ranging from qualitative descriptions of the near-surface material to quantitative definitions
based on shear-wave velocity. Nonlinear soil behavior has been also accounted in some of the
relations [122,123]. Following the work of Trifunac [124] for the Fourier amplitude spectrum,
Lee [125] has developed the attenuation relations for response spectrum amplitudes
considering the effect of both local geological condition up to depths of a few kilometers and
site soil condition up to about 200 m depth. These relations have also accounted at each
frequency the magnitude and distance saturation effects as well as the variation of geometrical
spreading with distance, and they are thus considered to possess the properties desired on
physical grounds. Many of the available relations lack in some or the other of these
fundamental requirements, and hence the future developments are required to take these
aspects into account.

A site-specific estimation of design ground motion needs the attenuation relations based on
the strong-motion data recorded in the target area of interest. However, the data required for
this purpose are either lacking or inadequate for many parts of the world. It thus becomes
necessary to use the relations based on the global data or those developed for some other
regions. Due to strong regional dependence, the selection of suitable attenuation relations from
the available relations for other host regions is not a straightforward task. The uncertainties
arising due to the inability of defining the ground motion attenuation model for an area in a
unique way is found to be a major source of uncertainty in the seismic hazard assessment
[7,115].

The selection of the ground motion relations is normally based on the geoscientific criteria
like similarities in the tectonic setting (e.g. compressional or extensional regime), source
characteristics (e.g. stress drop), and the anelastic attenuation modeled by Q-factor. As this
selection may suffer from considerable personal judgment and biases, many investigators have
proposed simple numerical criteria for updating and ranking the initial choice. The simplest
update may be to adjust a selected attenuation relation by a constant scale factor to have closer
fitting to the limited strong-motion data for the target region, if available. The hybrid empirical
approach due to Campbell [126,127] may provide a more comprehensive way for the purpose.
Scherbaum et al. [128] have proposed simple numerical criteria using available limited data to
rank the selected and updated attenuation relations for their appropriateness for the target
region, the application of which has been illustrated in some other studies [129,130]. The
ranking methodology has been also used to assign the branch weights in the logic-tree for the
ground attenuation model [116,131].
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In addition to the updating for the fundamental differences between the target and the host
regions, to combine several attenuation relations in a logic-tree, it is necessary to make them
uniform with respect to the definitions of the various governing parameters [116]. The effect of
such conversions for the type of horizontal component of ground motion, magnitude scale,
source-to-site distance, site condition, and the type of faulting on the response spectral
amplitudes computed from five typical attenuation relations [132-136] as illustrated in
Bommer et al.[116], indicates that the homogenization of the attenuation equations may help in
reducing the epistemic uncertainty to some extent. However, the reliability and applicability of
such conversions for a target area of interest cannot generally be established. Further, Bommer
et al [116] have proposed to carry across the random variability associated with the empirical
conversion relations used for homogenization by enhancing the aleatory uncertainties in the
original ground-motion relations, which cannot be considered appropriate on physical grounds.

6.2 AN EXAMPLE OF UPDATED ATTENUATION RELATIONS

To illustrate the use of available strong motion data for updating a published attenuation
relation to be more specific to a particular region, an example is now presented for the in-slab
earthquakes in Indo-Burmese subduction zone. The attenuation relationship due to Atkinson
and Boore [123] were found to differ considerably compared to a limited database of 56
accelerograms recorded at 37 different sites in northeast India from three in-slab earthquakes
along the Indo-Burmese subduction zone. Fig. 11 shows the locations of the recording sites
along with the major tectonic features and the epicenters of the three earthquakes contributing
the strong-motion data.
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Figure 11 — Recording sites for strong-motion data obtained from three in-slab
earthquakes in Indo-Burmese subduction zone.

The available data were used to first establish the validity of the geometrical spreading term
in the original relationships, which were then updated by modifying the source scaling term,
and by adding a term for component of motion. Also, the standard deviation was reestimated
using the available data and the updated median relationship. To establish the goodness of fit of
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the updated relation, Fig. 12 shows the probability distributions of the normalized residuals, z,
of the observed response spectral amplitudes, y, and the likelihood values, LH(z), of z, defined
as follows:

;=27H and LH(z) = L e'xz/zdx = erf[ﬂ] (25)

o x/E?Z' || x/z

In these expressions, y is the mean amplitude predicted from the empirical model and o is the
associated standard deviation. The probability distribution of z in Fig. 12 is seen to match quite
closely with zero mean and unit standard deviation normal distribution, and that of LH(z) is
almost uniform between 0 and 1, which are the requirements of the criterion of Scherbaum et
al. [128] for the matching of the updated attenuation relations with the recorded data.

0.25 | T T T T T

020 |- ~ -
P

- \
=015 5
=
@
=
2ol
a.

0.05 -

0.0 n

Normalised Residual, z

0% T T T

0.20 |- i
>
2015F -
2
©
-3
2ol
o

0.05 - i

0'00.0 0.2 0.4 0.6 0.8 1.0

Likelihood Value, LH(z)

Figure 12 — Histogram of normalized residuals fitted with normal distribution
compared with the standard normal distribution (upper figure)
and the histogram of the likelihood values (lower figure).

Scherbaum et al. [128] have also proposed a ranking scheme for a selected or updated
attenuation relations based on the median estimate and associated variance of the LH(z) values,
and the mean, median and standard deviation of the z-values along with their variances. The
median value and the standard deviation of the likelihood values LH(z) for the updated
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attenuation relations for the in-slab earthquakes in Burmese subduction zone are found to be
0.4254 and 0.0006, respectively. On the other hand, the absolute values of the mean and
median of z-values are found to be 0.1505 and 0.1069 with their corresponding standard
deviations as 0.0023 and 0.0014, respectively. Also, the standard deviation of z-values and its
standard deviation are found to be 1.0731 and 0.0075, respectively. All the foregoing values of
the various statistical parameters indicate the overall quality of the modified attenuation
relations to be of the highest rank “A” as per the criterion of Scherbaum et al.[128]. However,
somewhat poorer ranking has been indicated for some of the individual natural periods.
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Figure 13 — Scatter diagram showing the matching between the recorded and the
estimated spectral amplitudes from updated attenuation relationships.

To have a direct idea of the matching between the recorded data and the updated attenuation
relations, Fig. 13 shows the scatter diagrams for the recorded and the estimated spectral
amplitudes at six different natural periods. The matching between observed data and the
updated attenuation relations is seen to be much better than that for the original relationships.
To further illustrate the suitability of the updated attenuation relations to estimate the response
spectra in an overall sense, Fig. 14 shows typical examples of the comparison between the

82



response spectra of recorded accelerograms and the spectra obtained from the updated
attenuation model for confidence levels of 0.1, 0.5 and 0.9. The smooth continuous curves in
this figure represent the model predictions, whereas the dashed curves are the actual spectra.
The quality of matching in Fig. 14 and for many more cases was, in general, seen to be very
good. The foregoing examples have illustrated that the attenuation characteristics in different
regions may differ significantly due to local as well as regional geological settings and a
suitably selected attenuation relation for another region can be updated using limited amount of
data for another region of interest.
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Figure 14 — Typical comparisons between the response spectra of actual records and the
corresponding estimates from the updated attenuation relationships.

6.3 USING MMI ATTENUATION RELATIONSHIPS

In many cases, even limited amount of strong motion data may not be available to select and
update a published attenuation relationship for another region. In such cases, a useful
engineering approach may be to develop the attenuation relationships for Modified Mercalli
Intensity (MMI) with distance. This can be used to estimate the site intensity due to given
epicentral intensity and distance, and that in turn can be used to estimate the response spectral
amplitudes or any other hazard parameter of interest using empirical attenuation relationships
in terms of the site intensity [30-32]. As different levels of site intensity on MMI scale are
applicable universally, the scaling of a hazard parameter in terms of the site intensity is not
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expected to have very strong regional dependence. By using such scaling relations along with
the attenuation of MMI for a region of interest, it is possible to account for the regional
dependence of the attenuation characteristics in practical applications.

Due to the subjective nature of defining the MMI levels and due to difference in geology,
direction and extent of faulting, a particular intensity value is normally seen to occur at widely
differing distances in different azimuthal directions. The use of a discrete integer scale for the
seismic intensity, which in fact should be a continuous physical parameter, adds to the
scattering in the observed intensity data. Use of only the mean attenuation trend of intensity is
thus not able to account for the effect of such aleatory type of uncertainties in the PSHA
applications. Therefore, the intensity attenuation in PSHA formulation has to be described in a
probabilistic manner. In fact, several studies are now available on the probabilistic description
of the attenuation of intensity with distance for different parts of the world [137-140]. In these
studies, the observed probability distribution of the distance to the isoseismal /; for epicentral
intensity / is shown to be approximated well by the following lognormal distribution.

2

~ 1 ogR 1| X=Hy,.1

P(R;IO,Il):— expi——| ——21 | pdx (26)
v 272'0—10,11 J:O 2 0-10’11

In this expression, u; ; and o, , are the mean and standard deviation of the logarithm of the

distance, R;, in different azimuthal directions to the site intensity /;. A typical example of the
fitting of the distribution of eqn. (26) to observed data in peninsular India is shown in Fig. 15.
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Figure 15 — Observed and theoretical distribution functions for the distances to various
isoseismals for epicentral intensity of VIII in peninsular India.

For probabilistic seismic hazard analysis using intensity data, it is necessary to define the
probability of occurrence of specified site intensity /; due to epicentral intensity /, and distance
R. The probability distribution of the distance to isoseismal /;, as defined by eqn. (26), provides
a simple way to obtain this probability. Since the site intensity decreases with increase in
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distance, the probability, P(/ <1;;1,,R), that the site intensity / at distance R due to an

earthquake with epicentral intensity /, would be less than or equal to /; can be considered
identical to the probability that the distances to the intensity level /; are less than or equal to R.
Thus, the probability of getting an intensity value equal to /; at distance R can be defined as

pU =115, R)=P(I <1 +11y,R) - P(I<1;1,R)

(27)
=P(R; 1,1, +1)— P(R;1,,1,)

Assuming  that intensities greater than [, cannot occur, the probability
P(I<1y+11y,R)=P(R;1,,1,+1)can be taken equal to 1.0. Also, the minimum value of
intensity can theoretically be equal to one. However, the determination of intensities below IV
is generally not very reliable due to predominance of ambient noise. Therefore, for practical
applications, a threshold intensity level of IV is used commonly. Thus the normalized
probability density function for the site intensity can be written as

p=1;1,,R)
1.0-P(R;1y,1,=1V)

pI=1;;14,R)= (28)

Using the scaling relations for spectral amplitudes in terms of the site intensity /;, this provides
a basis to define the probability, ¢(Z > z|/;,R;) , of exceeding a spectral amplitude z due to

epicentral intensity /; at epicentral distance R; as described in the following.

Trifunac and co-workers have developed scaling relations for FS, S4, SV and PSV spectral
amplitudes in terms of the site intensity on MMI scale. The first generation of attenuation
relations was based on a uniformly processed strong motion database of 186 records with a
total of 558 components of motion from 57 earthquakes [141]. Using this database, scaling
relations were developed with the site geological condition described by parameter s (which
takes a value of 0 for alluvium, 1 for intermediate and 2 for basement rock sites) [142-145] as
well as in terms of depths of sedimentary deposits, /4, in km [29,146]. In early 1980s, the strong
motion database in California region expanded to 438 free-field records, i.e. a total of 1314
components of acceleration from 104 earthquakes. With this expanded database, Trifunac and
Lee [147,148] developed the second generation of scaling relations, with geological conditions
described by either parameter s or the depth of sedimentary deposits, /. These as well as the
previous attenuation relations did not include the effect of local soil site condition defined by
shallow alluvium and soft deposits of a few tens of meters. Therefore, in 1987, Trifunac [124]
and Lee [125] developed respectively for FS and PSV spectra the updated scaling relations
including the effect of local soil condition, along with the geological condition defined by s or
h. The local soil condition in these relations was defined by the variable s5,=0, 1 and 2 for rock,
stiff soil and deep soil sites, respectively.

The PSV scaling relations including the effect of site soil condition along with that of the

geologic condition in terms of parameter s=0, 1 or 2 are defined as [125]:
log(PSV(T))=by ()] + b"(T)SM + b (T)S* + by (T)v + b5 (1) Vv )
+b(T)S Py + bs (1) + bV (T)S + b2 (1)S
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This relationship provides the least squares estimate, (PSV(T )), of the spectral amplitudes

with the scaling coefficients b;(7) through b,(7) determined by regression analysis of the
recorded data PSV(T). Also, parameter v represents the component of motion (v=0 for
horizontal and 1 for vertical motion) and parameters S’/ and S are the indicator variables
defining the site geological condition as

ay _ J1if s=1(intermediate geology) ) |1 if s =2 (basementrock)
SV = I . (30)
0 otherwise 0 otherwise
Also, the parameters S\ and S* are the indicator variables for the soil condition as
Szl) _ 1if s, =1(stiff so.il); SO _ 1if s; =2 (deep sc.)il) 31
0 otherwise 0 otherwise

The corresponding scaling relationships with the site geological condition defined in terms of
the depth, 4, of the sedimentary deposits are defined as [125]:

log(PSV(T)) = by (T)I, + by (T)h + by (T)v+ b, (T)hv

(32)
+bs(T) + b (1S + b (1)S

Fig. 16 shows the examples of the PSV spectra of the horizontal component of motion as
computed from the relationship of eqn. (29) for several different site intensities with deep soil
type of site condition on basement rock type of geological condition. The response spectra
from the relationship of eqn. (32) are found to show similar behavior.

Lee [125] has also defined the probability distribution of the residuals &(7) between
log PSV(T) and log<PSV(T )) as follows

P(&,T) = [1-exp(—exp(a(T)e(T) + BT (33)

Here, P(g,T)is the probability that logPSV(T)— <PSV(T)> <&(T) and parameters
a(T), B(T)and n(T) of this distribution are found by Lee [125] from a regression analysis of

the observed residuals. Thus, the probability that a given spectral amplitude PSV(T) will be
exceeded due to site intensity /; is given by

Prob.[PSV(T)|1,]1=1-P(&,T) (34)

This can be used, along with the probability density function of site intensity as given by the
expression of eqn. (28), to define the probability, ¢[PSV(T)|1,,R], of exceeding the spectral

amplitude PSV(T) due to given epicentral intensity and distance as follows

q[PSV(T)|I,,R] = i Prob.[PSV(T)|11p(1;;1,,R) (35)

nL=1v
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Thus the probabilistic attenuation of MMI and the scaling of a hazard parameter in terms of the
site intensity provide a useful basis for the PSHA applications. The uniform hazard response
spectra based on the magnitude and the intensity methods are expected to be in very good
agreement [32].
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Figure 16 — Typical examples of response spectra obtained from the scaling
relations in terms of site intensity on MMI scale.

6. EXAMPLES OF HAZARD MAPPING

The PSHA method can be used to prepare macro as well micro zoning maps by estimating
the values of a hazard parameter at a closely spaced grid of sites covering an area of interest.
Similar to that for a single site, such maps are able to account for the effects of the level and
distribution of the expected seismicity in various earthquake sources and that of local geology
and the site soil condition in a very realistic way. Examples of microzonation maps thus
prepared for Los Angeles metropolitan by Lee and Trifunac [149], Todorovska and Trifunac
[5,9], and Trifunac [150] in terms of PSV spectrum amplitudes and likelihood of liquefaction
are reviewed briefly in Gupta [20]. Examples of macrozoning maps for northeast Indian region
in terms of the acceleration response spectrum amplitudes at different natural periods are
presented here to illustrate the application of the foregoing PSHA methodology.

To prepare the zoning maps for northeast India, the entire region was divided into 0.1°
latitude x 0.1° longitude grid of sites, and uniform hazard PS4 spectrum amplitudes were
estimated at all the sites for several different natural periods using the seismic source zones
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shown in Fig. 5. To have realistic hazard estimates for sites close to the boundary of the region,
the seismic sources or the portions of seismic sources beyond the boundary of the area of Fig. 5
were also considered, such that an area of about 300 km radius is covered around each site. The
data on past earthquakes compiled from different published sources for the period from 1458 to
2008 were corrected for duplicate events and suitably declustered for dependent events before
using those to define the earthquake recurrence relationships and the distance distributions for
the various seismic sources. Also, the completeness of the available data in different
magnitude ranges was identified using the Stepp’s [76] method as described in the next
paragraph.
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Figure 17 — A typical completeness plot based on the Stepp’s method.

In the Stepp’s method, the available earthquake data in a source zone is grouped into several
magnitude ranges, and the average number of events per year, R(M), are evaluated for each

magnitude range for different time windows of increasing lengths, backward from the year of
the most recent data. Under the assumption of Poisson point process in time, the standard

deviation of R(M) for a window length of T years is given by S, =+/R(M)/T , which
implies that for stationarity of R(M), Sy has to behave as 1.0/ VT Thus, in the plot of Sj
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as a function of 7 for a given magnitude class, the period of completeness is reflected by a
distinct departure of S, values from the linearity of 1.0/ JT slope. This period, which should

be the minimum for the completeness, becomes successively longer for each higher magnitude
class. Fig. 17 shows a typical completeness plot for the source zones 2 to 7 in Fig. 5 combined
together. The periods of completeness identified for different magnitude ranges are also
indicated in this figure.
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Figure 18 — A typical recurrence relationship for a seismic source.

Using the annual number of earthquakes of different magnitudes as obtained from the
periods of complete recording, the maximum likelihood method of Weichert [82] is used to
obtain the parameters ‘a’ and ‘b’ of the Gutenberg-Richter’s recurrence relationship of eqn.
(12). When the recurrence relation is fitted combining several seismic sources with similar
seismotectonic characteristics, but different levels of seismicity, the same b-value is assigned to
all the sources and only parameter a is defined separately using the total occurrence rate of
earthquakes above a threshold magnitude in each source zone. However, when the available
data are adequate, values of both the parameters a and b are estimated directly for the
individual sources. Each of the sources is also assigned with an upper bound magnitude on the
basis of the largest earthquake known to have actually occurred as well as the seismotectonic
considerations. The recurrence relationship of eqn. (20) with the corresponding density
function truncated at the largest magnitude is then used to estimate the occurrence rate for
different magnitude intervals in the present study. Fig. 18 shows a typical example of the
recurrence relationship thus obtained for source zone 3 in Fig. 5. But, the available data in
sources 8 and 10, both of which have experienced one earthquake above magnitude 8.0, is not
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seen to fit the exponentially decaying relationship of eqn. (20) well. These two sources are
therefore described by the characteristic earthquake model of eqn. (22). For distribution of the
occurrence rate in a given magnitude interval among different distance intervals, the
probability distribution of the required type of source-to-site distance was defined
appropriately for each source as described in section-5.
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Figure 19 — Typical zoning maps for northeast India in terms 5%-damped acceleration
response spectrum amplitude for four different natural periods.

Using the recurrence relationships and distance distributions for the various seismic sources

shown in Fig. 5, the occurrence rates, n(M ;,R;), were estimated for each grid point with the

magnitude discretized into nine intervals between 4.8 and 8.4 with a uniform width of 0.4
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magnitude units and the distance discretized into 72 intervals between 0.5 km and 300 km with

uniform spacing on logarithmic scale. Also, the probability, g[PSA(T)M ;,R;], of exceeding

the acceleration spectrum amplitude, PSA(T'), at natural period, 7, for different combinations

of central values of the magnitude and distance intervals is estimated from the scaling relations
for northeast India as given in Das et al. [4]. Using these, the uniform hazard horizontal
component of spectral amplitudes in ‘g’ with damping ratio of 5% are computed for all the grid
points for confidence level p=0.50 and exposure period ¥ = 100 years. Zoning maps are then
prepared as contours of PSA(T) at several different natural periods, some of which are shown in
Fig. 19.

It may be mentioned that the proposed hazard maps are for the stiff sites (firm ground or
sedimentary rock), and further processing is needed for use in case of medium to soft soil
deposits at a site. Nevertheless, these maps are seen to display a general pattern consistent with
the major geological characteristics of the region. For example, the contours passing through
Manipur and Mizoram follow broadly the trends of the folded belt of Tripura and western part
of Arakan Yoma (see seismotectonic map of Fig. 4). Similarly, the contours in Naga-Dsang
Thrust area are also quite parallel to the direction of their strike. Further, the amplitudes of
PSA(T) decrease as one goes away from these thrusts, indicating that Naga-Disang Thrusts are
one of the potential sources of hazard in the region. Thus, the zoning maps in Fig. 19 are able
to consider in a very realistic way the effects of the level as well as the trend of the past
seismicity associated with various tectonic features in the region.

7. DISCUSSION AND CONCLUSIONS

The paper has described in detail the salient features of the major steps involved in practical
implementation of the state-of-art probabilistic seismic hazard analysis (PSHA) methodology
for hazard mapping. The current literature on the various approaches used to model the
inherent random uncertainties in the location, magnitude and inter-event times, and that in the
observed amplitudes of the hazard parameter is also reviewed in great detail.

The PSHA for a site of interest is able to provide the value of a selected ground motion
parameter considering the effects of all the expected earthquakes of different magnitudes with
proper spatial distribution, as well as that of the site geological and soil conditions in a
balanced and physically realistic way. The PSHA methodology has therefore got very wide
acceptability for preparation of macro- and micro-seismic zoning maps at present. For this
purpose, hazard analysis is carried out for a closely spaced grid of sites covering an entire arca
of interest. By estimating the values of a selected hazard parameter with the same confidence
level and exposure period for all the sites, the PSHA provides a uniform mapping of the
hazard. In view of the fact that some risk is inevitable in all walks of life, the quantification of
seismic risk by PSHA methodology may be useful in bringing the earthquake hazards at par
with the well-accepted risk levels due to other hazards.

As an illustration of the PSHA methodology, the paper has presented example zoning maps
for acceleration response spectrum amplitudes at different natural periods for the northeast
Indian region, which is a geologically very complex and one of the seismically most active
areas in the world. These maps are able to exhibit in a physically realistic way the effects of the
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level and spatial distribution of seismicity. By reading the spectral amplitudes for different
natural periods from these maps, one can readily obtain the uniform hazard response spectrum
for any selected site in the region. The description on seismotectonics of Bosna and
Hercegovina, and of Banja Luka area, as given in the paper in this conference due to Herak and
Herak [27], can readily be used to identify the seismic sources and prepare the zoning maps in
a similar manner.

REFERENCES

Ground-Motion Attenuation Relationships for Cascadia Subduction Zone Megathrust
Earthquakes Based on a Stochastic Finite-Fault Model / N.J. Gregor, W.J. Silva, 1.G.
Wong, and R.R. Youngs // Bull. Seism. Soc. Am., 2002, 92(5), 1923-1932.

Documentation for the 2002 Update of the National Seismic Hazard Maps / A.D. Frankel,
M.D. Petersen, C.S. Mueller, K.M. Haller, R.L. Wheeler, E.V. Leyendecker, R.L. Wesson,
S.C. Harmsen, C.H. Crammer, D.M. Perkins, and K.S. Rukstales // Open File Report 03-
420, U.S. Geological Survey, U.S. Department of the Interior, Denver, Colorado, USA,
2002.

Development of Seismic Hazard Maps for the 2005 National Building Code of Canada / J.
Adams and G.M. Atkinson // Canadian Journal of Civil Engineering, 2003, 30, 255-271.

A Probabilistic Seismic Hazard Analysis of Northeast India / S. Das, 1.D. Gupta, and V.K.
Gupta // Earthquake Spectra, 2006, 22(1), 1-27.

Hazard Mapping of Normalized Peak Strain in Soil During Earthquakes: Microzonation
of a Metropolitan Area /| M.1. Todorovska and M.D. Trifunac // Soil Dyn. and Earthgq.
Eng., 1996, 15(5), 321-329.

Shaking Hazard Compatible Methodology for Probabilistic Assessment of Permanent
Ground Displacement Across Earthquake Faults /| M.1. Todorovska, M.D. Trifunac, and
V.W. Lee // Soil Dyn. and Earthq. Eng., 2007 (in press).

Probabilistic Seismic Hazard Analysis for Ground Motions and Fault Displacement at
Yucca Mountain, Nevada / J.C. Stepp, 1. Wong, J. Whitney, R. Quittmeyer, N.
Abrahamson, G. Toro, R. Youngs, K. Coppersmith, J. Savy, T. Sullivan, and Yucca
Mountain PSHA Project Members // Earthq. Spectra, 2001, 17(1), 113-151.

Seismic Hazard Assessment in Greece Based on Strong Motion Duration / B.C.
Papazachos, Ch. A. Papaioannou, V.N. Margaris, and N.P. Theodulidis // Proc. 10" World
Conf. on Earthq. Eng., Madrid, 1992, 2, 425-430.

Ligquefaction Opportunity Mapping Via Seismic Wave Energy / M.1. Todorovska and M.D.
Trifunac // Jour. of Geotech and Geoenvironmental Eng., 1999, ASCE, 125(12), 1032-
1042.

Earthquake Hazard Analysis: Issues and Insights / L. Reiter // Columbia Univ. Press, New
York, 1990, 254.

Selected Topics in Probabilistic Seismic Hazard Analysis / M.1. Todorovska, I.D. Gupta,
V.K. Gupta, V.W. Lee, and M.D. Trifunac // Report CE 95-08, Dept. of civil Eng., Univ.
of Southern California, Los Angeles, USA, 1995.

92



[19]

[20]

(21]

(24]

Benefits of Scenario Ground Motion Maps / J.G. Anderson // Engineering Geology, 1997,
48, 43-57.

How to Obtain Earthquake Ground Motions for Engineering Design / E.L. Krinitzsky //
Eng. Geology, 2002, 65, 1-16.

Engineering Seismic Risk Analysis / C.A. Cornell // Bull. Seism. Soc. Am., 1968, 58,
1583-1606.

Seismic Design Spectra and Mapping Procedures Using Hazard Analysis Based Directly
on Oscillator Response / R.K. McGuire // Earthq. Eng. and Strut. Dyn., 1977, 5, 211-234.

On Uniform Risk Functionals Which Describe Strong Ground Motion: Definition,
Numerical Estimation, and an Application to the Fourier Amplitude Spectrum of
Acceleration / J.G. Anderson and M.D. Trifunac // Report No. CE77-02, Dept. of Civil
Eng, Univ. of Southern California, Los Angeles, USA. 1977.

Uniform Risk Functionals for Characterization of Strong Earthquake Ground Motion /
J.G. Anderson and M.D. Trifunac // Bull. Seism. Soc. Am., 1978, 68(1), 205-218.

Uniform Risk Spectra of Strong Earthquake Ground Motion: NEQRISK / V.W. Lee and
M.D. Trifunac // Report No. CE 85-05, Dept. of Civil Eng., Univ. of Southern California,
Los Angeles, USA, 1985.

The State of the Art in Seismic Hazard Analysis / 1.D. Gupta // ISET Jour. of Earthq. Tech.,
2002, 39(4), 311-346.

Probabilistic Seismic Hazard Analysis Method for Mapping of Spectral Amplitudes and
Other Deign-Specific Quantities to Estimate the FEarthquake Effects on Man-Made
Structures / 1.D. Gupta // ISET Jour. of Earthq. Tech., 2007, 44(1), 127-167.

Assessment of Confidence Intervals for Results of Seismic Hazard Analysis/ R.B. Kulkarni,
R.R Youngs, and K.J. Coppersmith // Procs. 8" World Confs. on Earthq. Eng., San
Francisco, 1984, 1, 263-270.

Problems in the Applications of the SSHAC Probability Method for Assessing Earthquake
Hazards at Swiss Nuclear Power Plants / J.U. Klugel // Eng. Geology, 2005, 78, 285-307.

Reply to the Comment on J.U. Klugel’s “Problems in the Application of the SSHAC
Probability Method for Assessing Earthquake Hazards at Swiss Nuclear Power Plants,
J.U. Klugel, In Eng. Geol., Vol. 78, pp. 285-307 // Musson et al.// Eng. Geol., 2005b, 82,
56-65.

Reply to the Comment on J.U. Klugel’s “Problems in the Application of the SSHAC
Probability Method for Assessing Earthquake Hazards at Swiss Nuclear Power Plants”,
In Engineering Geology, Vol. 78, pp. 285-307, by Budnitz, by J.U. Klugel” / J.U. Klugel //
Eng. Geology, 2005c¢, 82, 79-85.

Evaluating Hazard Results for Switzerland and How Not to Do It: A Discussion of
“Problems in the Application of the SSHAC Probability Method for Assessing Earthquake
Hazard at Swiss Nuclear Power Plants” by J.U. Klugel /| RM.W., Musson, G.R. Toro,
K.J. Coppersmith, J.J. Bommer, N. Deichmann, H. Bungum, F. Cotton, F. Scherbaum, D.
Slejko, and N.A. Abrahamson // Eng. Geology, 2005, 82, 43-55.

Comment on J.U. Klugel’s “Problems in the Application of the SSHAC Probability
Method for Assessing Earthquake Hazards at Swiss Nuclear Power Plants”, In

93



[29]

[39]
[40]
[41]

[42]

Engineering Geology (2005). Vol. 78, pp. 285-307”, / R.J. Budnitz, C.A. Cornell, and P.A.
Morris // Engineering. Geology, 82, 76-78.

Analysis of Seismicity as input for Earthquake Hazard Studies in Bosna and Hercegovina /
M. Herak and D. Herak // in this Proceedings of Banja Luka Conference, 26-28 October,
20009.

The Challenge of Defining Upper Bounds on Earthquake Ground Motions / J.J. Bommer,
N.A Abrahamson, F.O. Strasser, A. Peeker, P.Y. Bard, H. Bungum, F. Cotton, D. Fah, F.
Sabetta, F. Scherbaum, and J. Studer // Seismological Research Letters, 2004, 75(1), 82-
95.

Dependence of Pseudo Relative Velocity Spectra of Strong Motion Acceleration on the
Depth of Sedimentary Deposits / M.D. Trifunac and V.W. Lee // Report No. CE 79-02,
Dept. of Civil Eng., Univ. of Southern California, Los Angeles, USA, 1979.

Uniform Risk Fourier Amplitude Spectra Derived from Intensity Data on Earthquake
Occurrence / J.G. Anderson // U.S. Nuclear Regulatory Commission, 1979, NUREG/CR-
068, E1-E27.

On Using Modified Mercalli Intensity data for Evaluating Engineering Seismic Risk in
Northern India / 1.D. Gupta // Bull. Indian Soc. Earthq. Tech., 1986, 23, 17-33.

A Note on Computing Uniform Risk Spectra From Intensity Data on Earthquake
Occurrence / 1.D. Gupta // Soil. Dyn. and Earthq. Eng., 1991, 10(8), 407-413.

Determination of Design Earthquakes in Seismic Hazard Analysis Through Monte Carlo
Simulation /| RM.W. Musson // Jour. of Earthq. Eng., 1999, 3, 463-474.

Earthquake Hazard and Risk Assessment in New Zealand by Monte Carlo Methods | W.D.
Smith // Seism. Res. Lett., 2003, 74(3), 298-304.

Probabilistic Seismic Hazard Maps for the North Balkan Region / RM.W. Musson //
Annali di Geofisica, 1999, 42, 1109-1124.

Recurrence of Great Earthquakes at Subduction Zones / T. Rikitake // Tectonophysics,
1976, 35, 335-362.

Some Examples of Statistical Estimation Applied to Earthquake Data 1. Cyclic Poisson
and Self-Exciting Models / D. Vere-Jones and T. Ozaki / Am. Inst. Statist. Math., 1982,
34, 189-207.

Probability of Occurrence of Large Plate Rupturing Earthquakes for the San Andreas, San
Jacinto and Imperial Faults, California, 1983-2003 / L.R. Sykes and S.P. Nishenko //
Jour. Geophys. Res., 1984, 89(B7), 5905-5927.

The Earthquake Deformation Cycle, Recurrence and the Time Predictable Model | W.
Thacher // Jour. Geophys. Res., 1984, 89(B7), 5674-5680.

A Generic Recurrence Time Distribution for Earthquake Forecasting / S.P. Nishenko and
R.A. Buland // Bull. Seism. Soc. Am., 1987, 77, 1382-1399.

Probability Distribution of Times Between Characteristic Subduction Earthquakes | J.M.
Jara and E. Rosenblueth // Earthq. Spectra, 1988, 4, 449-531.

Seismic Hazard Estimation Based on Non-Poisson Earthquake Occurrences /| H. Kameda
and H. Takagi / Memoirs of the Faculty of Engineering, Kyoto University, Japan, 1981,
XLIII, Part 3.

94



[58]
[59]

[60]

A Stochastic Model for Site Ground Motions From Temporally Dependent Earthquakes /
A.S. Kiremidjian and S. Suzuki // Bull. Seism. Soc. Am., 1987, 77(4), 1110-1126.

Temporal and Magnitude Dependence in Earthquake Recurrence Models /| C.A. Cornell
and S.R. Winterstein // Bull. Seism. Soc. Am., 1988, 78, 1522-1537.

On Strong Motion Uniform Risk Functionals Computed From General Probability
Distributions of Earthquake Recurrences /| V.W. Lee // Soil Dyn. and Earthq. Eng., 1992,
11, 357-367.

Comparison of Response Amplitudes From Earthquakes With Lognormally and
Exponentially Distributed Return Periods / M.1. Todorovska // Soil. Dyn. and Earthq.
Eng., 1994, 13, 97-116.

Local Statistics of Earthquake Catalogs / V.1. Keilis-Borok, V.M. Podgaetskaya, A.G.
Prozorov // In Computational Seismology, V.I. Keilis-Borok (Ed.), Consultants Bureau,
New York — London, 1972, 214-227.

Second-Order Moment of Central California Seismicity / P.A. Reasenberg // Jour.
Geophys. Res., 1985, 90, 5479-5495.

The Use of Foreshocks in Probabilistic Prediction Along the Japan and Kuril Trenches /
K. Maeda // Bull. Seism. Soc. Am., 1996, 86(1A), 242-254.

Probability of Earthquake Occurrence as Obtained From a Weibull Distribution for
Analysis of Crustal Strain /Y. Hagiwara // Tectonophysics, 1974, 23, 313-318.

Estimation of Parameters for Recurrence Models of Earthquakes / T. Utsu // Bull. Earthq.
Res. Inst., Univ. of Tokyo, 1984, 59, 53-66.

Nonstationary Poisson Model for Earthquake Occurrences / L.L. Hong and S.W. Guo //
Bull. Seism. Soc. Am., 1995, 85(3), 814-824.

Long-Term Clustering, Scaling and Universality in the Temporal Occurrence of
Earthquakes / A. Corral // Phys. Rev. Lett., 2004, 92, 108501.

Interevent Time Distribution in Seismicity: A Theoretical Approach/ G. Molchan // Pure
and Appl. Geophys., 2004, 162, 1135-1150.

The Centenary of the Omori Formula for a Decay Law of Aftershock Activity / T. Utsu, Y.
Ogata, and R.S. Matsuura // Jour. Phys. Earth., 1995, 43, 1-33.

Density Estimation for Statistics and Data Analysis / B.W. Silverman // Chapman and
Hall, 1986, London.

Probabilistic Seismic Hazard Estimation in Low-Seismicity Regions Considering Non-
Poissonian Seismic Occurrence / C. Beauval, S, Hainzl, and F. Scherbaum // Geophysical
Journal International, 2006, 164(3), 543-550.

Statistical Models for Earthquake Occurrences and Residual Analysis for Point Processes
/Y. Ogata // Jour. of Am. Stat. Assoc., 1988, 83(401), 9-27.

Frequency of Earthquakes in California / B. Gutenberg and C.F. Richter / Bull. Seism.
Soc. Am., 1944, 34(4), 1985-1988.

Implications of Fault Slip Rates and Earthquake Recurrence Models to Probabilistic
Seismic Hazard Estimates / R.R. Youngs and K.J. Coppersmith // Bull. Seism. Soc. Am.,
1985, 75(4), 939-964.

95



[72]
(73]
[74]
[75]

[76]

[77]

(78]

[79]

Probabilistic Seismic Hazard Analysis With Uncertainties / 1.D. Gupta // Procs. Symp.
Seismic Hazard Analysis and Microzonation, 23-24 September, 2005, Roorkee, I, 97-117.

National Seismic Hazard Maps: Documentation June 1996 // USGS Open-File Report 96-
532, United States Geological Survey, Reston, VA, 1996.

Overview / N.A. Abrahamson and K.M. Shedlock // Seismological Research Letters, 1997,
68(1), 9-23.

The Dynamics of Faulting (2" Edt.) /| EM. Anderson // Olive and Doyd, 1951, Edinburgh,
208.

Delineation of Probable Seismic Sources in India and Neighbourhood by a
Comprehensive Analysis of Seismotectonic Characteristics of the Region / 1.D. Gupta //
Soil Dyn. and Earthq. Eng., 2006a, 76, 766-790.

The tectonic framework of Assam / P. Evans // Jour. Geol. Soc. India, 1964, 5, 80-96.

On the geology of Indo-Burman Ranges (Arakan coast and Yoma, Chin Hills, Naga Hills)
/ R.O. Brunnschweiler // Journal of Geological Society of Australia, 1966, 13(1), 137-94.

Tectonic and mafic igneous activity in northeast India in relation to upper mantle |
M.V.N. Murthy // Proc. 2" Symp. Upper Mantle Proj., NGRI, Hyderabad, 1970, 287-304.

Earthquake source processes in northeast India: a review / J.R. Kayal // Jour. Himalayan
Geol. 1996, 17, 53-69.

Analogous evolution of the Burma Orogen and the Scottish Caledonides /| A.H.G. Mitchell
and W.S. McKerrow // Bull. Geol. Soc. Am., 1975, 86, 305-15.

Great earthquakes, seismicity gaps and potential for earthquake disaster along the
Himalayan plate boundary, In: Mogi K, Khattri KN, editors, / KN. Khattri //
Tectonophysics, 