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PREDGOVOR 

 
Zemljotresi 26. i 27. oktobra 1969. godine na površini od 
9.000km2, ostvarili su seizmi(ki intenzitet 7°, 8° i 9° 
skale MCS. U Banjoj Luci i  15 Krajiških opština 
poginulo je 15, a teže i lakše povrije)eno 1117 ljudi. 
Porušeno je ili jako ošte*eno 86.000 stanova, 266 škola i 
592 kulturna, zdravstvena, socijalna i privredna objekta. 
Zemljotres od 26. oktobra shva*en je i kao mogu*a 
najava glavnog, znatno ja(eg udara, koji se narednog 
dana i dogodio, ali je ve* ve*ina žitelja bila pod vedrim 
nebom, u parkovima, poljanama, ... To je bila sre*a u 
nesre*i, pa je broj poginulih i povrije)enih relativno mali 
u pore)enju sa rušila(kom snagom katastrofalnog 
zemljotresa od 27. oktobra. 
U prošlosti je zabilježeno više jakih zemljotresa, koji su u Banjalu(kom podru(ju, izazivali 
pravu pustoš, ali je Banja Luka, ponovo, iz ruševina i pepela, izrastala u još ve*i i ljepši grad. 
Danas Banja Luka ima preko 250.000 stanovnika, što je skoro (etiri puta više nego u vrijeme 
zemljotresa od prije 40 godina, a urbani dio grada proširio se za pet puta. Banja Luka je 
sjedište Republike Srpske, entiteta Bosne i Hercegovine. 
Uvjereni smo da *e ova Konferencija, koja se održava povodom 40 godina od zemljotresa koji 
je pogodio Banja Luku, biti pravo mjesto za sumiranje znanja i iskustva iz zemljotresnog 
inženjerstva i da *e, u tom pogledu, dati svoj doprinos razvoju ne samo u regionu i podru(ju 
Balkana,  ve* i u Evropi pa i u svijetu. Imaju*i u vidu zna(ajan broj prispjelih nau(no-stru(nih 
radova me)u (ijim autorima se nalazi i ve*i broj, danas u svijetu, veoma poznatih imena iz 
zemljotresnog inženjerstva, Konferencija *e biti vrlo aktuelna za sve struke u graditeljstvu, a 
posebno za inženjere koji se bave istraživanjem, planiranjem, urbanizmom, projektovanjem, 
izvo)enjem, nadzorom i održavanjem gra)evinskih objekata i sistema, ali *e biti vrlo zna(ajna 
i za organe vlasti – donosioce odluka, zasnivane na smanjenju seizmi(kog rizika. 
Banja Luka je poznata po svom gostoprimstvu i otvorenosti i oduvijek je bila doma*in mnogim 
uglednim li(nostima i delegacijama. Naš grad je pretrpio mnoge pošasti i promijenio mnogo 
svojih lica, ali bogatstvo koje se mjeri spomenicima, reprezentativnim arhitektonskim 
naslje)em, prirodnim ljepotama i bogatim iskustvom njegovih gra)ana ostaje da plijeni i 
do(ekuje goste i danas. 
Na kraju, želim da Vam svima izrazim zahvalnost u ime Grada i li(no, što ste, Vašim odzivom, 
omogu*ili održavanje ove Konferencije, a posebno autorima saopštenja koja su publikovana u 
Zborniku radova. Tako)e, izražavam zahvalnost (lanovima Nau(nog i Organizacionog 
komiteta koji su svojim zalaganjem u(inili da se ovaj skup održi na vrlo zavidnom nivou.  
Sa posebnim zadovoljstvom, želim Vam dobrodošlicu i prijatan boravak u Banjoj Luci. 
 
Dragoljub Davidivi* 
Gradona(elnik Banja Luke 
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FORWARD 
 

The earthquakes that struck Banja Luka on October 26 and 27 1969, affected the area of  9 000  
km² 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 Davidivi* 
Mayor of Banja Luka 
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IZBOR TEMA IZ ZEMLJOTRESNOG INŽENJERSTVA - 
OD ŽARIŠTA DO SEIZMI�KOG PROJEKTOVANJA  I UBLAŽAVANJA HAZARDA 

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

 
by 
 

F. Aptikaev, G. Costa, I. 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 sadrži jedanaest koordinisanih radova koji po(inju razmatranjem problema 
zemljotresa sa istraživanjem i opisom seizmoloških i geofizi(kih svojstava jednog regiona, 
atenuacije seizmi(kih talasa i kartiranja regionalnog seizmi(kog rizika. Zatim je dat pregled 
literature o klasi(nom inženjerskom pristupu analizi seizmi(kog dejstva na objekte kroz 
spektre odgovora i pokazano je kako se te metode koriste u inženjerskom projektovanju zgrada 
i mostova. Takodje su opisani interakcija zgrada-tlo, pra*enje stanja kontrukcije i kontrola 
odgovora konstrukcije. Na kraju, kroz primere kartiranja seizmi(kog hazarda, i seizmi(ka 
merenja za vreme zemljotresa pokazano je kako se moze organizovati brza pomo*, ublažiti 
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 (etrdesetogodišnjice razornog 
zemljotresa koji je zadesio Banja Luku, u Bosni i Hercegovini, 1969. godine. Materijal u ovim 
radovima prezentiran je u(esnicima konferencije u Banja Luci, 26. do 28. Oktobra 2009. 
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godine. Materijal je tematski izložen kroz ilustraciju najzna(ajnih mera koje svako društvo 
treba da preduzme da se zaštiti od katasrofa koje prouzrokuju silni zemljotresi. U okviru svojih 
specijalnosti, autori su pripremili iscrpnu literaturu koja ce pomoci svima koji žele da dalje i 
temeljnije prou(e ovu oblast.   
 
Serija radova zapo(inje opisom seizmi(nosti u oblasti zapadnog dela Baklanskog poluostrva, 
sa centrom u blizini Banja Luke. Analiza seizmi"nosti 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 seizmi(kih talasa i kartiranja hazarda u ovom podru(ju, ve* 
predstavlja i prvi znacajan pokušaj da se objedine dostupni podaci iz razli(itih seizmoloških i 
geofizi(kih baza podataka u jedinstveni i koherentni opis seizmi(ke aktivnosti u ovom regionu. 
Zatim sledi rad Pregled empirijskih ocena silnog pomjeranja za analizu seizmi"kog hazarda 
autora F. Aptikaeva, u kome on opisuje kako se može pristupiti studiji atenuacije i navodi 
primere, koji proizilaze iz analiza regresija na osnovu zabeleženih akcelerograma regionalnih 
jakih zemljotresa, koje treba koristiti za sva predvi)anja silnog kretanja za izgradnju zna(ajnih 
objekata u Bosni i Hercegovini. U tre*em radu, Metode za kartiranje seizmi"kog hazarda  
autora I. D. Gupte, opisuju se moderne metode kartiranja seizmi(kog hazarda. U njemu se 
opisuju procedure za prora(un spektara uniformnog hazarda za probabilisti(ku formulaciju 
kriterijuma za projektovanje zna(ajnih objekata, kao i  za pripremu karti seizmi(kog mikro- i 
makro-zoniranja, od kojih treba krenuti u svakoj izradi  regionalno specifi(nih propisa za 
seizmicko projektovanje. 
 
U (etvrtom radu, Spektar odgovora: pre, sada i u budu�nosi, autora M. Trifunca, dat je kratak 
istoriski osvrt na proces formiranja inženjerske metodologije za seizmi(ko projektovanje na 
bazi spektra odgovora, a zatim opis ograni(enja te metode, i izloženi su moguci pravci za 
budu*i razvoj metoda projektovanja, posebno za podru(ja 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 seizmi"ki 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 inženjere projektante, obzirom da autori 
izlažu dragocene podatke o tome kako najbolje tuma(iti, a zatim primeniti procedure 
projektovanja propisima, na osnovu njihovih dugogodišnjih prakti(nih iskustava. U sedmom 
radu, Maksimalna ubzanja na spratovima višespratnih zgrada, autori V. K. Gupta, M. Kumar i 
D. Kumar daju pregled metoda i najbolje altenative za seizmi(ko projektovanje opreme za 
trešenje prouzrokovano silnim zemljotresima u višespratnim zgradama. 
 
U radu Seizmi"ka interakcija zgrada-tlo: pregled literature, autor J. Liang  daje prvi od tri 
primera novijih tema u zemljotresnom inženjerstvu, 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 seizmi(kih talasa u 
nehomogenim slojevima blizu površine tla. Zatim sledi rad Pra�enje stanja konstrukcije autora 
M. Todorovske i M. Trifunca, koji daju pregled novijih metoda za pra*enje stanja konstrukcije, 
sa posebnim osvrtom na metode za pracenje stanja za vreme zemljotesa u izgra)enim 
objektima. U desetom radu, Projektovanje seizmi"ke 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 ošte*enja koja su nastala nakon jakih zemljotresa u Japanu 
doprinela razvijanju modernih metoda projektovanja. 
 
U radu pod nazivom Ocene silnog pomeranja kroz mape trešenja i scenarije, autora L. 
Moratto, G. Costa i P. Suhadolc, dat je opis savremenih metoda koje seizmolozi koriste za 
distribuciju informacija u približno stvarnom vremenu, o geografskom rasporedu razornog 
trešenja za vreme silnih zemljotresa. Ove informacije su od posebnog interesa za sve koji 
organizuju hitnu pomoc i pomažu vatrogascima i ostalim timovima za hitno delovanje posle 
zemljotresa da optimalno rasporede njihove aktivnosti spašavanja. 
 
Na kraju svakog rada posve*ena je po jedna strana kratkoj biografiji autora koji su odrzali 
predavanja. Tu je opisana njihova stru(nost i dati se podaci za kontakt, kao i veb adrese gde se 
mogu na*i dalje veze za publikovan materijal. 
 
Autori ove serije radova žele da se zahvale organizatorima konferencije na pozivu da u(estvuju 
i da doprinesu ovom skupu za obeležavanje (etrdesete godišnjice zemljotresa u Banja Luci 
1969. godine, a posebno Organizatoru – Gradu Banja Luka, sa suorganizatorima Zavod za 
izgradnju Banja Luke (ZIBL) i Institutu za Zemljotresno Inženjerstvo i Inženjersku 
Seizmologiju (IZIIS) iz Skoplja. Zahvaljujemo se Predsedniku Organizacionog komiteta 
Konferencije (OK) gospodinu  Dragoljubu Davidovi*u, i  posebno (lanovima OK gospodinu 
�edi Savi*u i Profesoru Mirku A*i*u, za njihovu viziju i podršku kojom su omogu*ili 
odžavanje  ovog  skupa. 
 
Na kraju, urednik ove knjige izražava 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 *e 
poslužiti kao dobra polazna ta(ka svima koji žele da saznaju o vaznim i neispitanim 
problemima, kao i o tome u kom pravcu je dobro krenuti sa novim istraživanjima u modernom 
zemljotresnom inženjerstvu. 
 
INTRODUCTION 

 
The following eleven papers have been prepared for the occasion of the 40th 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 I. 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. Iemura, 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 
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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 Davidovi*, and in paticular the membes of the OK Mr. �edo 
Savi* i Prof. Mirko A*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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Marijan Herak1, Davorka Herak1 

ANALIZA SEIZMI�NOSTI KAO PREDUVJET ZA PROCJENU 
POTRESNE OPASNOSTI U BOSNI I HERCEGOVINI 

Sažetak:  

Analiza seizmi(nosti klju(na je za pripremu podataka tijekom svake studije potresne 
opasnosti. Najve*im dijelom ona uklju(uje analizu kataloga potresa, ali važne 
informacije pružaju i arhivski podaci, karte inteziteta potresa, mehanizmi potresa,  te 
seizmotektonska, geološka i paleoseizmološka istraživanja. U ovom prilogu 
prikazujemo vrstu i kvalitetu podataka koji su dostupni za šire podru(je Bosne i 
Hercegovine i Banja Luke. Prvenstveno smo se posvetili problemima povezanim s 
kompilacijom i analizom kataloga potresa s podacima o seizmi(nosti relevantnim za 
ocjenu potresnoga hazarda u tom prostoru. Prikazane karte razdiobe osnovnih 
statisti(kih parametara seizmi(nosti mogu se izravno primijeniti za ocjenu potresne 
opasnosti. 

Klju"ne rije"i: seizmi"nost, 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 19th century, with 
first instruments operating at the very beginning of the 20th century. The names and work of A. 
Mohorovi(i*, A. Belar, J. Mihailovi*, R. Kövesligethy, 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 Kozák and Plešinger [6], Plešinger and Kozák [7], Herak and Herak [8], etc. For 
Croatia and its vicinity, in particular, a series of publications by M. Kišpati* [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 20th 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 
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yearly basis (reports are published in a series of papers in Geofizika [16–21]). At present, about 
2500–3500 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 

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 

 

Figure 1 – 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 ML # 6.5. 
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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:  
� national contributions from the 6 participating countries (Serbian catalogue with the 

M3.6 magnitude cut-off),  
� the Greek (magnitude cut-off M = 4.5) and Romanian catalogue provided by the 

colleagues from these countries,  
� Italian catalogues available on the internet [33] or recently published [34] 
� Hungarian catalogue by Zsiros [23] 
� catalogue for the SE Europe, Shebalin et al. [26] 
� 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 Tw after the mainshock and 
within Dw 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 �2-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]. 
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Table 1. Windowing parameters used to decluster catalogues. For M < 3.0 and M > 7.0, the 
parameters are estimated by log-linear extrapolation. Dw – radius of circular window; Tw – 
duration of aftershocks; Tw,for – duration of foreshocks. 

  M     Dw(km)  Tw(days)  Tw(years)   M     Dw(km)  Tw(days)  Tw(years) 

  3.0     20.0        25.0       0.0684 
  3.2     21.6        30.1       0.0823 
  3.4     23.2        36.2       0.0990 
  3.6     25.1        43.5       0.1190 
  3.8     27.0        52.3       0.1431 
  4.0     29.1        62.9       0.1721 
  4.2     31.4        75.6       0.2070 
  4.4     33.9        90.9       0.2489 
  4.6     36.5      109.3       0.2993 
  4.8     39.4      131.5       0.3600 
  5.0     42.4      158.1       0.4329 

  5.2     45.7       190.1      0.5206 
  5.4     49.3       228.7      0.6260 
  5.6     53.2       275.0      0.7528 
  5.8     57.3       330.7      0.9053 
  6.0     61.8       397.6      1.0887 
  6.2     66.6       478.2      1.3092 
  6.4     71.8       575.0      1.5743 
  6.6     77.4       691.5      1.8932 
  6.8     83.5       831.6      2.2767 
  7.0     90.0     1000.0      2.7379 

min(Dw) = 20.0 km,   min(Tw) = 25.0 days,     Tw/Tw,for = 5.0 
 
The resulting mainshock catalogues were merged,and duplicate events were identified as 

those whose epicentres are closer than �R, their occurrence times are less than �T apart and 
their magnitudes differ by �M 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 (�R) and differences of origin times (�T) 
and magnitude (�M) 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 
�R < 100 km 100 km 50 km 50 km 50 km 45 km 45 km 
�T < 10 days 5 days  1.5 days 2 h 1 min 1 min 1 min 
�M < 3.0 3.0 2.0 2.0 1.0 1.0 1.0 
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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. 

 

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

 

The magnitudes reported in the contributing catalogues are mostly ML (although computed 
by different, locally derived formulas), whereas, for instance, the Greek catalogue reports 
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moment magnitudes (Mw). 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 20th 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 ; Mc and declare it complete with the completeness threshold of Mc 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 tc 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 
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for each magnitude class, the b-value and the normalized reference activity rate (Nr) in the 
Gutenberg-Richter recurrence relationship 

 
log N = log Nr – b(M – Mr) (1) 
 

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 km2) with magnitudes greater or equal to M, Mr is 
arbitrarily chosen reference magnitude (Mr = 3.5 here), and Nr 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. 

 
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, tc = 1878, is defined as the time when cumulative activity rate 
first reaches the ‘true’, stable rate Ao defined as the mean level between the maximum value 
achieved (A1) and the absolute minimum after the maximum (A2) (from [37]). 

The same procedure was applied to the BSHAP-CEC data for every node in a grid (22 × 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 r = 30 km and r = 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 N3.5 given in the inset of each graph. r is the smallest radius of the  circle 
around each site holding at least 50 earthquakes which occurred after their respective time of 
complete reporting. 
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The year of onset of complete reporting for the four magnitude levels are shown in Figure 
5, 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. 

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 19th 
and 20th 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 Nr) – 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 Nr 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) 

 
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 N3.5 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 km2 (100 � 
100 km) around each point on the map. 

 
Figure 9 – Activity rate for events with M # 3.5 (number of earthquakes/10 years /10000 km2). 
 

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 (Mmax) 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 20th 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. Mohorovi"i� [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, etc. 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]. 

 
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. [51]“...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 Ionian 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. Tomljenovi*. 

 
Figure 11 – Active faults in the Adriatic and the External Dinarides (a work in progress, kindly 

supplied by B. Tomljenovi�). 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). 

 
Figure 12 – Fault-plane solutions (lower hemisphere equal-area projections) from the data-
base kept by the Andrija Mohorovi"i� 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. 

 

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 (Mmax) or by modification of the functional shape so that it 
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asymptotically approaches the value M = Mmax. 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]). 

 

 
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, Mmax can even be defined using only seismological data, as 
the maximum observed magnitude within a seismogenic zone increased by �M, 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 SEIZMI�KOG HAZARDA 
 
Rezime: 
 
Teoretski i empiriski zakoni za procenu amplituda i trajanja silnog pomeranja za 
vreme zemljotresa su analizirani. Polu-empirijske jednacine koje koriste unapred 
usvojene matemati(ke zakonitosti i empirijski pocenjene koeficijente su opisane. 
Neslaganja usvojenih jedna(ina i izmerenih podataka su nabrojana i diskutovana. 
Empirijske distribucije osnovnih parametara koji opisuju silno pomeranje su 
opisane. Greške koje se javljaju pri polu-empirijskoj oceni silnog pmeranja su 
opisane i jednostavne metode za formiranje (isto empirijske zakonitosti su 
predložene. 
 
Klju"ne re"i: 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.  
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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: 



29

A – an amplitude; 
f0 – predominant frequency (or period T0); 
d –duration of shaking, defined, for example, as the time interval between the first and the 

last excursions of the amplitude of the envelope  Aenv  #  0.5Amax.  
For engineering scaling of strong-motion amplitudes, the following additional parameters 

are of interest: frequency content of ground motion and coefficient of dynamic amplification `. 
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 = lg A + f(R) or C1M = lg A + f(R) applies 

everywhere, in both teleseismic and epicentral areas. A is the peak amplitude of recorded 
displacement, when local magnitude is used and predominant period is not distorted by the 
seismograph. A is the peak amplitude of velocity, when mb or MS 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 { ML { 7.1. A 
constant level of acceleration on the rupture surface is assumed in [8]. In [9–12], it was shown 
that lg 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 

.36,0325,0lg
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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 k to model average amplitude attenuation for longer distances. 
Solving this equation leads to the classical expression 

.0
��	 keAA  

After adding the geometrical spreading, one obtains the classical attenuation relation  
lg A = M – lg 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: 

lg A = C1 M – C2 lg R – C3 R + 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 = C1 M + C2 lg 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 = C1 M + C3 R + const.  

Sometimes, the term C4 (lg R) 2 is added [6], and sometimes the term C5 M 2 is added [4, 21].  
In [34], the attenuation force F is described as 
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where  
A  is displacement amplitude 
�  is density  
E   is kinetic energy of unit mass  
�   is phase (� = t – x / v)  
�   is distance (� = 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 �  gives  
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	   is vibration velocity, and 

%    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.  

- Even harmonics occur with amplitudes proportional to .2
2

2

�	
v
V   

- These harmonics in turn lead to harmonics of higher order. 
-  For every frequency pair 1f  and 2f  occur the combination frequencies 1 1 2cf f f	 �  

and 2 1 2cf f f	 �  with amplitudes proportional to .2
21

v
VV   

-  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:  
lg A = C1 M – C2 lg R – C3 R + 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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lg A = C1 M + C2 lg R + C3 R + C4 + const.  
For PGV, the following coefficient values are estimated in [20]: C4 = 0 for rock and  

C4 = 0.17 for soil in the near-field and far-field zones. Standard deviation of estimation is  
� = 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 
� > 50 km, PGA is larger on soil, while for distances � < 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].  

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

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: 

lg PGA = C1 M + C2 lg (R + C4) + const.  
The C4 value usually varies in the range 10 { C4 { 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, C4 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:  

� � � �
� �� � � �� �
� �� � ,ln222,0405,0
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where  
AH    is the geometric mean of the two horizontal components and has units of g  

(g) = 981 cm/s2  
M   is moment magnitude  
RSEIS  is the distance to the seismogenic part of the rupture surface  
F  is the coefficient depending upon faulting type  
SSR (soft rock) and SHR (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 A = 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 Rh was used, and the following empirical relations were obtained:  

lg PGA(cm/s 2)= 0.28 MS – 0.8 lg Rh, km + 1.7 ± 0.20,   when lg PGA �2.2,  
lg PGA(cm/s 2)= 0.80 MS – 2.3 lg Rh, km + 0.8 ± 0.24  when lg 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 .35,0lg
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1 ) was proposed in [9]. The standard deviation was about 0.20  dec. log. 

unit. 
 
Using more data in [10], these relations become:  
lg PGA, cm/s 2 = 0.13 MS – 0.36 lg Rh, km + 1.9 � 0.20    when lg PGA � 2.2,  
lg PGA, cm/s 2 = 0.65 MS – 1.8 lg Rh, km + 0.95 � 0.22     when 1.0 � lg PGA �2.2,  
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The difference between results using relations from [10] and [44] is less than standard 
deviation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 -  Mean observed PGA scaled to MS = 5.0 using the empirical relation  &lgR/&MS = 
0.325. 1 - MS = 3.0; 2 - MS = 4.0; 3 - MS = 5.0; 4 - MS = 6.0; 5 - MS = 7.0; 6 - MS = 8.0. The 
corrections for faulting type are provided also. Every sign for the PGA > 170 cm/s 2 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 PGA0, cm/s2 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) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 3 -  Empirical attenuation curve (Table 1). 
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, the maximum PGA is observed at a distance (shortest to rupture 

surface) lg (Rmax) = 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 .633,0
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       The border between the near- and far-field zones is determined by PGA = 170 cm/s 2. The 

attenuation in the far-field zone is described by expression .6,1
lg

lg
�	
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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 PGA0 is taken between rupture surface and distance:  

lgR0 = 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 R0 to 
R1: 

lgR1 = 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 l is described by the equation:  
lg l, �} = 0.32 MW – 1.01. 

The near-field zone is characterized by attenuation .633,0
lg

lg
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 Amplitude is attenuated, 

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 -0.633 and the front 
surface increases as R2, the wave energy increases with distance as R 0.734. 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 cm/s2 for all fault and 
ground types [10, 12].  

The far-field zone is characterized by attenuation having approximately .6,1
lg
lg
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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 (0.325Ms - 0.60 - lg R) + 2.23 � 0.16.  
Values of C and PGA0 depend upon faulting type (Table 1). The averaged experimental 

data scaled to MS = 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 `, 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 = ` PGA) where dimensionless value `, 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  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure  4 – The correlation of the dynamic amplification coefficient ` with the pulse width d 
and logarithmic frequency bandwidth S. 

 
 

thousand horizontal components, it was shown [53] that for 5% damping lg ` = 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 lg ` = 0.56 ± 0.10 using more than 800 horizontal components [54, 55]. The ` – 
value depends upon oscillation duration and spectral bandwidth:  

lg ` = 0.72 - 0.28 S + 0.07 lg d ± 0.07     (see Figure 4). 
 

For rock and soft soil, almost the same value, lg ` = 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 ` 
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 Tv on a record and the period TRSA related to RSA are equal: 

lgTv = lg TRSA ± 0.10.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 MS + 0.25 lg R(km) - lg vp(km/s) + C1 + const � 0.20,  

where R is the hypocentral distance in km and vp is the velocity of P  waves at the depth of the 
source (km/s). When lg R < lg R1 = 0.33 MS – 0.61, R1 is used in calculations. C1 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 2�T for two observation points that are 
25 km apart. 
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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,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
  
 

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 S 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 f0  separately:  

S1 - 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 0f  as 

.0 lowhigh fff 	  
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Such a determination reduces the standard deviation for the 0f , 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: 

S = 0.53 + 0.1 d + C1 + C2 ± 0.22,  
where coefficient C1 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 C2 is equal to -0.05 for rock, 0 for 
intermediate ground conditions, and 0.2 for soft soil.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 � (Figure 6). 
 

 
4.4 Slopes of Spectrum  
 

The mean spectrum slopes, which are proportional to 1f � , 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:  

7
6arctg	� , 

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 f – 2 beyond the 
point related to (lg ` - 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 ` 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, Db [62], the end of a record was 
considered a moment when the oscillation amplitudes decrease to some fixed threshold Athr. 
For records on the ground, it was accepted that Athr = 0.05 g, and for recording oscillations of 
buildings and structures Athr = 0.1 g. The value Db 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 �t = DV-L = t2 – t1 can be defined as a time interval 
during which a value 

��
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increases from F(t1) = 0.05 up to F(t2) = 0.95 [58, 61, 63]. If ( )A t 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 DV-L can have a negative 
correlation with seismic intensity [64]. This is explained by noting that the value DV-L is a 
measure of accumulation time for the given energy. The greater the value of DV-L, 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]:  

lg d, s = 0.15 MS + 0.50 lg R, km + C1 + C2 + C3 � 0.30,  
where 
 
R   is hypocentral distance, and when lg R < lg R1 = 0.33 MS – 0.61, value R1 is used in 

calculations  
C1  = -0.25 for thrust, 0.00 for strike-slip, and 0.25 for normal faulting  
C2  = -0.15 for rock, 0.00 for intermediate ground, and 0.15 for soft ground 
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C3  = -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 Aenv(t) and the oscillation envelope may be 
described by an empirical formula: 

22
max

499
3)(

dtdt
tdAtAenv ��

	 ,  

where t  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 I and the degree of 
damage:  

I = 2.5 lg A, cm/s2 + 1.25 lg d, s + 1.05.  
The duration values are different for acceleration A, velocity V, and displacement D [53]: 
lg d(V) = lg d(A) + 0.15 ± 0.10, 
lg d(D) = lg 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 f = a0 + b0IMCS � �,  
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where  f  stands for the horizontal and vertical peak accelerations aH and aV (cm/s2); peak 
velocities are vH and vv (cm/s); and peak displacements are dH and dV (cm). a0 and b0 are 
regression coefficients,  and �  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, MCSI , the scaling equations can take the 
following form [75]: 

,)()()()()()(
)(lg )2()2()1()1( vTeSTdSTdTcITbTFS

TPSV MCS ����	!"
#

$%
&  

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: 

(1) (1) (2) (2)
1 2 2 3

(1) (1) (2) (2) 2
4 5 5 6

lg ( ) ( , , ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ,L L

FS T M Att M T b T M b T S b T S b T v
b T b T S b T S b T M

	 � � � � � � �

� � �
 

where ),,( TMAtt �  is the frequency-dependent attenuation function (which depends upon the 
representative source-to-station distance �, earthquake magnitude M, and period of motion T), 
v is the component orientation (v = 0 for horizontal and v = 1 for vertical components),  S(1), S(2) 
are indicator variables for the geological site condition s, defined as 

'
(
) 		  sites)ate(intermedi 1 sif      ,

otherwise         ,S 1
0

)1( ,  

'
(
) 		  sites)rock (basement  sif      ,

otherwise         ,S 21
0

)2( ;  

and )1(
LS , )2(

LS   are indicator variables for the soil type sL, at the site, defined as 

'
(
) 		   sites) soil(stiff 1 sif      ,

otherwise         ,S L
L

1
0

)1( ,  

'
(
) 		   sites) soil(deep  sif      ,

otherwise         ,S L
L

21
0

)2( .  

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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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 vTb )(3 , 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(* )(or velocity or displacement) [61] can be 

formulated as a time interval during which the energy integral �	
t

datI
0

2 )()( **  gains 90% of 

its final value. This definition can be further refined [93–95] by using a sum of the time 
intervals where the slope of I(t) 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) f = 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 
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where the strong-motion parameters M, �, )1(S , )1(S , )1(
LS , )2(

LS  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 lg�+ - p�+ +c, 
where the IMCS intensity of shaking is produced by an earthquake with magnitude M, at 

epicentral distance � (km) and focal depth H(km) (the hypocentral distance is �+ 22 HR �	  
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 
lg(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, Mani*, 
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 SEIZMI�KOG HAZARDA 

Rezime: 

Rad razmatra matemati(ke metode za analizu seizmi(kog hazarda teorijom 
verovatno*e (PSHA) i detaljno opisuje važnije korake u prakti(noj primeni te 
metode. Glavni elementi PSHA sadrže definisanje žarišta zamljotresa, u(estalost 
zemljotresa, i definisanje atenuacionih zavisnosti za odre)eni parametar hazarda i 
za svako žarište. PSHA je prihva*ena moderna metoda za prora(un i kartiranje 
seizmi(kog hazarda, a njena primena je ilustrovana primerima za teritoriju 
severoisto(ne Indije. 

Klju"ne re"i: PSHA metodologija, žariste zemljotresa, atenuacija, seizmi"ko 
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, )( zZ -. , 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    

     � � �/ -	-
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In this expression, )( minMNn represents the occurrence rate of earthquakes above a selected 
threshold magnitude minM  in the nth source zone, and the summation is taken over all the N 
number of source zones. Functions )(Mfn  and )(Rgn  are the probability density functions of 
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 ),( RM1  and standard 
deviation ),( RM� . The quantity ),,( �0 RMzZ -  is taken as 1.0 for zln  equal to ),( RM1  
plus �  times ),( RM�  and zero otherwise, with )(�h  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 ),,( �0 RMzZ -  and )(�h  over %  by the 
probability of exceeding level z due to magnitude M at distance R. Representing this 
probability by ),( RMzZq - , the expression for the occurrence rate becomes  

     dMdRRgMfRMzZqMNzZ nn

N

n
n )()(),()()(

1
min -	- � �/

	
.                                       (2) 

By discretizing the magnitude and distance for the nth source zone into small intervals like 
),( jjjj MMMM 00 ��  and ),( iiii RRRR 00 ��  with central values jM  and iR , the 

occurrence rate of earthquakes in the jth magnitude and the ith distance interval can be defined 
as  
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The integral over M times the number )( minMN n  in this expression gives the total number, 
)( jn Mn , of earthquakes in the magnitude interval ),( jjjj MMMM 00 ��  as follows: 

     )]()()[()( min jjnjjnjn MMFMMFMNMn 00 ���	     

                   )()( jjnjjn MMNMMN 00 ���	                                                                     (4) 

In this expression, )(MFn is the cumulative probability of magnitudes greater than or equal to 
M and its product with )( minMNn gives the total number, )(MNn , of earthquakes with 
magnitude M or above. The )(MNn  is commonly known as earthquake recurrence 
relationship. Also, if )( MRGn is the probability distribution function of the source-to-site 
distance for magnitude M, the expression of eqn. (3) becomes 

     )]()()[(),( iiniinjnijn RRGRRGMnRM 002 ���	                                                        (5) 

The expression of eqn. (2) can thus be written in the following discrete form: 
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A total of J magnitude ranges and I 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, ),( ij RMn  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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     In practical applications, the probabilistic hazard computation is commonly based on the 
expressions of eqns. (6) or (7). By using the numbers, ),( 0 ijn RI2  or ),( 0 ij RIn , of 

earthquakes with epicentral intensity jI0  at distance iR , the probabilistic hazard can also be 
performed using the intensity data [30-32]. As will be illustrated later, the probability, 

),( 0 ij RIzZq - , 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 jI0  and iR . 

     The reciprocal of )( zZ -.  gives the return period for the occurrence of an amplitude z or 
above of the hazard parameter. Assuming the occurrence rate ),( ijn RM2  to follow a Poisson 

probability distribution, the occurrence rate )( zZ -. , which is a linear combination of 
),( ijn RM2 , can also be described by a Poisson probability distribution. Thus, the probability 

of zZ -  due to all the earthquakes in all the sources during an exposure period of Y years can 
be written as 

     � � 4 5)(exp1 zZYYzZP -3��	- .                                                                     (8) 

From this, the return period for the occurrence of zZ -  can be defined in terms of )( YzZP -  
as follows 
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	-                                                                (9) 

 
     The plot of the probability )( YzZP -  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 (Y = 1) 
probability of exceedance. Assuming )( zZ -.  to be very small, the annual probability of 
exceedance is generally approximated by )( zZ -. . The hazard curves are sometimes also 
plotted as )( zZT -  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 )( zZ -. , )( zZT - , )1( 	- YzZP  or )( YzZP - , which are 

interrelated by simple relations, the use of )( YzZP -  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 )( YzZP -  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, )( zZ -. , 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 
earthquakes. 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 )( YzZP - 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 ),( YRM kl� is the total number of aftershocks in Y years in a small 
magnitude interval around central magnitude lM  and in a small distance interval around 
central distance kR , the probability of zZ - due to these events to occur in a deterministic 
way can be defined as [16] 
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By carrying out the hazard analysis for the declustered catalog of the main shocks using the 
expression of eqn. (8), the combined probability of zZ -  from both the main earthquakes and 
the aftershocks can be defined as  

     4 5 4 5)(1)(exp1)( * YzZPzZYYzZP -�3-��	-� .                                              (11)  

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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Sources and Distribution of Seismicity
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(e.g., earthquake prediction) can also be included in )(* YzZP - by including their numbers in 

),( YRM kl� . 
 
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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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.  

     To estimate the total number, )( minMNn , of earthquakes with magnitude above minM  in a 
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 minM  and a maximum magnitude maxM  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 ),( RMzZq - 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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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 W. 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 area 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, )(MN , of 
earthquakes 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] 

     bMaMN �	10)(                                                                             (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, )( minMN , of earthquakes above a lower threshold magnitude, 

minM , the relationship of eqn. (12) can be written as  

     )(
min

min)()( MMeMNMN ��	 9  with 10lnb	9                                (13) 

The density function, n(M), giving the number of earthquakes per unit magnitude can also be 
defined as  

     )(
min

min)()()( MMeMN
dM

MdNMn ��	�	 99                                 (14)  

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, Mmax. 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 Mmax, as used by Bath [85] 
and Anderson [86], results in increased number of earthquakes in a small interval around Mmax 
[87]. This leads to the first form of density function as follows: 
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                                                            (15) 

where )(3H  and )(30 are the Heaviside step function and the Dirac delta function, respectively. 
Similarly, truncating directly the density function of eqn. (14) at Mmax gives the second model 
as  

     )()()( max
)(

min2
min MMHeMNMn MM �	 ��99                                 (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( minmax MM ��9 ) in the 
relationship of eqn. (16). However, N(Mmin) is then required to be defined up to magnitude 
Mmax only. As N(Mmin) in the present study represents all the earthquakes with magnitude Mmin 
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] 

     )(][)()( max
)()(

min3
minmaxmin MMHeeMNMn MMMM ��	 ���� 999                               (17) 

     Certain faults are seen to produce more frequent earthquakes close to Mmax 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 cc MMM ��	 max . 
In the magnitude range Mc to Mmax, 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 MMM c +��	+ . In practical applications, the intervals cM�  and 

M +� 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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     Integration of the above four models for the density function over the magnitude range M  
to Mmax provides the corresponding recurrence relationships as follows: 
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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 Mmin = 4.0, Mmax =8.0, b=1.0, and a normalized vale of N(Mmin) =1.0. Except for the first 
model, all the other models decay to zero in significantly different ways as M approaches Mmax. 
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For example, model-3 decays much faster than model-2, whereas model-4 for characteristic 
earthquakes 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, )( jn Mn , of earthquakes in the 

magnitude interval ,( jj MM 0�  )jj MM 0�  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 maxM . In reality, lowering of maxM will result in lower moment release rate if it is 
not compensated by increasing the total number of earthquakes )( minMN . Assuming that all 
the slip on a fault has occurred seismically without any creep, the moment release rate can be 
defined in terms of the slip rate u�  in cm/year, and the area A of the fault rupture plane in cm2 
as uAM o �� 1	 [96], where 1 is the modulus of rigidity in dyne/cm2 of the crustal rock around 
the fault gouge. The long term average slip rate u�  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 oM�  per year thus determined, it is possible to define the 
foregoing recurrence relationships for given Mmax 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 dMcMM o �	)(log where c = 16.0 and d = 1.5 
for Mo in units of dyne-cm [102]. Using this, the seismic moment release rate due to all 
earthquakes up to magnitude Mmax can theoretically be obtained as  

     �
 �

	
max

)()(
M

oo dMMnMMM�                                                 (23) 

The expressions for the moment release rate in terms of the occurrence rate )( minMN  and the 
upper bound magnitude Mmax are thus obtained for the first three models as follows: 
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and for model-4 as  
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In the above expressions, )( maxMM o  represents the moment released due to the upper bound 
magnitude.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    
Figure 7 – Dependence of total number of earthquakes with magnitude 4.0 or above on 

the maximum magnitude with constant moment release constant. 
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     By using the moment release rate oM�  estimated from the long-term geological slip rates, 
the expressions of eqn. (24) can be used to estimate the occurrence rate N(Mmin) from any of 
the four models. To illustrate the application of this approach, Fig. 7 shows the dependence of 
N(Mmin =4.0) on Mmax for moment release rate of 1.0�1026 dyne-cm/year and b-value of 0.8. 
The logarithm of N(4.0) is seen to decrease linearly with increase in Mmax at quite fast rate, 
indicating that N(Mmin) may change considerably with Mmax to satisfy the moment release 
constraint. The recurrence relationship based on the N(Mmin) 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(Mmin) 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, Rrup, 
the closest distance to the fault rupture within the seismogenic crust, Rseis, and the closest 
distance to the surface projection of the fault rupture area, Rjb) 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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

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 rupR  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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

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 Rjb 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 Rjb, it is sufficient to assume unilateral rupture and 
consider sequentially the epicentral locations over a fault segment of length (L – l) only from 
either end, where l is the rupture length and L is the total length of the line source [16]. On the 
other hand, for estimation of Rrup and Rseis 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 Rrup and Rseis  are equal to the closest distance to the 
fault rupture segment at this depth. Otherwise, a depth of 3.0 km is used for Rseis 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 
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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.   
      
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

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, ),( RMzZq - , 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 ),( RMzZq -  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.  
 

 

 
 
 

 
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: 
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In these expressions, 1 is the mean amplitude predicted from the empirical model and � 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.  
 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
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. 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 
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 
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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.  
 
 

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 I1 for epicentral 
intensity I0 is shown to be approximated well by the following lognormal distribution.  
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In this expression, 
10 ,II1 and 

10 ,II� are the mean and standard deviation of the logarithm of the 
distance, Ri , in different azimuthal directions to the site intensity I1. A typical example of the 
fitting of the distribution of eqn. (26) to observed data in peninsular India is shown in Fig. 15.  

 

 

 

 

      

 

 

 

 

 

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 I1 due to epicentral intensity I0 and distance 
R. The probability distribution of the distance to isoseismal I1, 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, ),;( 01 RIIIP � , that the site intensity I at distance R due to an 
earthquake with epicentral intensity I0 would be less than or equal to I1 can be considered 
identical to the probability that the distances to the intensity level I1 are less than or equal to R. 
Thus, the probability of getting an intensity value equal to I1 at distance R can be defined as  
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Assuming that intensities greater than I0 cannot occur, the probability 
)1,;(),;1( 0000 �=�� IIRPRIIIP 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  
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Using the scaling relations for spectral amplitudes in terms of the site intensity I1, this provides 
a basis to define the probability, ),( 0 ij RIzZq - , of exceeding a spectral amplitude z due to 
epicentral intensity I0j at epicentral distance Ri as described in the following.   

     Trifunac and co-workers have developed scaling relations for FS, SA, 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, h, 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, h. 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 sL=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]: 
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This relationship provides the least squares estimate, )(TPSV , of the spectral amplitudes 
with the scaling coefficients b1(T) through b7(T) 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(1)  and S(2) 

 are the indicator variables 
defining the site geological condition as   
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LS  are the indicator variables for the soil condition as  
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The corresponding scaling relationships with the site geological condition defined in terms of 
the depth, h, of the sedimentary deposits are defined as [125]: 

     
)2()2(

7
)1()1(

75

43211

)()()(                     

)()()()()(log

LL STbSTbTb

hvTbvTbhTbITbTPSV

���

���	
                                        (32) 

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 )(T�  between 
)(log TPSV  and )(log TPSV  as follows 

     )()))]()()(exp(exp(1[),( TnTTTTP 9��� ���	                                 (33) 

Here, ),( TP � is the probability that )()()(log TTPSVTPSV ���  and parameters 
)(T� , )(T9 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  I1 is given by     

     ),(1])(.[Pr 1 TPITPSVob ��	                                                                            (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, ],|)([ 0 RITPSVq , of exceeding the spectral 
amplitude PSV(T) due to given epicentral intensity and distance as follows  
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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].          

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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 �  0.1, longitude grid of sites, and uniform hazard PSA spectrum amplitudes were 
estimated at all the sites for several different natural periods using the seismic source zones 

Deep Soil Site on Basement Rock 
         I1=VII, VIII, IX and X 
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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. 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
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, )(MR , 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 )(MR  for a window length of T years is given by TMRSR /)(	 , which 

implies that for stationarity of )(MR , RS  has to behave as T/0.1 . Thus, in the plot of RS  
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as a function of T for a given magnitude class, the period of completeness is reflected by a 
distinct departure of RS  values from the linearity of T/0.1  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.  

      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

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, ),( ij RMn , 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 

T=0.04s T=0.17s 

T=1.0s T=0.7s 
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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, ],)([ ij RMTPSAq , of exceeding 

the acceleration spectrum amplitude, )(TPSA , at natural period, T, 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 Y = 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 area 
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. 
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spektralnog odgovora su nabrojana i predloženo je da je bolje dalje razvijati metode 
prora(una inženjerskih objekata na seizmi(ke sile kroz analizu energije koju donose 
seismi(ki talasi u jedinici vremena i energije koju konstrukcije mogu da apsorbuju 
kroz projektovan nelinearan odgovor. 
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RESPONSE SPECTRUM: PAST, PRESENT AND FUTURE 
 
Summary 
 
After a brief historical review of the recording of strong ground motion near 
destructive earthquakes, and of the mathematical solutions in dynamics using the 
method of the vibrations, the formulation of the response spectrum method in 1932, 
and of its introduction to engineering practice some 40 years later, are described. 
Limitations of the response spectrum method are reviewed and it is suggested that it 
is better to design the earthquake resistant structures for the power demand carried 
by incident earthquake waves, using the capacity of a structure to absorb this power 
through its controlled hysteretic response.  
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1. INTRODUCTION 
 
In its contemporary form, as the theoretical foundation for earthquake engineering, the 
Response Spectrum Method, RSM, was born less than a century ago, in 1932 and 1933. Biot 
[1-5] introduced the concept of RSM in June 1932, and nine months later, on March 10, 1933, 
the first strong motion accelerogram was recorded during the Long Beach, California 
Earthquake, ( LM = 6.3; [6]). A review of the theoretical work that led to the development of 
the RSM concept can be found in [7] and [8].  
 
On the other hand, the observations, which studied and described the effects of the strong 
earthquakes, started almost 2000 years ago. It was only after the development of modern and 
highly sensitive instruments, toward the end of the 19th century, that teleseismic observations 
were initiated, opening new possibilities for studying the Earth’s interior in terms of the inverse 
theory based on earthquake waves, but in terms of amplitudes and wavelengths, which are 
outside the realm of what is directly related to earthquake engineering. The development of 
strong motion instruments in the early 1930s for the purpose of characterizing the nature of 
near-source strong ground motion and their use in the engineering design of earthquake-
resistant structures has brought us back to the subject of near earthquake shaking [9].  
 
1.1. First Steps and Observations 
 
The desire to understand earthquake phenomena is as old as the classical civilizations [10], but 
it took many years for quantitative measurements to replace myths and folklore and for strong 
motion measurements and response analyses to reach their present state of the development. 
Possibly the oldest instrument for detection of strong motion is almost 1,900 years old. In 136 
A.D., Chinese scientist Chôko designed a seismoscope that indicated the direction of a strong 
motion pulse by tipping a vertical cylinder [11]. The falling cylinder would cause a ball to be 
released from the mouth of a dragon into the mouth of a waiting frog. In the early 1700s, 
Europeans believed that earthquakes were caused by explosions within the earth, and they tried 
to design instruments to respond to tilting rather than to horizontal wave motion. The first use 
of a pendulum to record earthquake motions appears to have occurred in Naples during a 
sequence of earthquakes in 1731 [12]. In 1783, after the devastating Calabrian earthquakes, the 
first Earthquake Commission was appointed to study the earthquake’s effects. During the New 
Madrid earthquakes of 1811 and 1812, Daniel Drake of Cincinatti, Ohio, reported on “an 
instrument constructed on the principle of that used in Naples, at the time of the memorable 
Calabrian earthquake.” This instrument “marked the direction of undulations from south-
southwest to north-northeast” [13]. 
 
In 1839, a series of small earthquakes in Comrie, Scotland, led to the establishment of a Special 
Committee of the British Association for Advancement of Science to develop instruments and 
to record earthquakes [14]. An instrument that resulted from this effort was described by 
Forbes [15]. The design of this pendulum was physically analogous to Wiechert’s [16, 17] 
inverted pendulum, which was constructed more than half a century later, in 1900, as well as to 
modern seismoscopes that would be used in engineering studies of strong motion a century 
later [18, 19].  
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The first seismograph appeared in Italy in 1875 [20, 21]. It had three pendulums to record NS, 
EW, and vertical motions, a device to measure rotations, and a magnification factor of about 
three. In Japan, the work of British professors Milne, Ewing, and Gray contributed to the 
further development of seismographs and to their introduction into observational research in 
seismology [22, 23]. Electromagnetic seismographs were introduced by Galitzin [24], who 
wrote a comprehensive treatise on the theory of electromagnetic recording [25]. Many strong 
motion recording systems in buildings in the former Soviet Union, especially those with central 
recording systems and multiple sensors, used such electromagnetic systems [26]. 
 
Forbes [15] published one of the first mathematical theories of a seismograph subjected to non-
oscillatory ground motion. The theory of seismograph response to arbitrary ground motion was 
presented by Perry and Ayrton [27]. Poincaré [28] and Lippmann [29] wrote the early notes on 
how to integrate seismograms to compute ground displacements. Further contributions to the 
subject of calculating ground displacements from recorded seismograms started to appear a 
decade later [30-33].  
 
The contribution of ground tilting to recorded seismograms was debated at length during late 
19th century [30, 34, 35] before the introduction of seismographs capable of recording vertical 
ground motion. Later experiments showed that the role of ground tilting in linear-wave motion 
is usually small. Galitzin [36], who doubted the conclusions based on those experiments, 
formulated the theory of transducer response when subjected simultaneously to tilts and 
displacements. However, he found this theory so complicated that he was forced to neglect the 
effects of tilts [31]. It took another half century before the complete theory and a quantitative 
description of the relative role of three translations and three rotations acting simultaneously on 
a simple transducer were published [37, 38]. 
 
By the early 1900s, all of the elements of the theory and the design of transducers, recording 
systems, and triggering devices were developed and published in the seismological literature. 
However, it would take another thirty years for the first strong motion accelerographs to be 
built and for the first strong earthquake ground motion recordings to be made. It took this long 
because of the doubts among the leading engineers that it was even possible to conquer the 
difficult tasks of computing and analyzing the response of structures to strong ground motion. 
Then, it would take an additional four decades (until the early 1970s) before the engineers 
would start to use dynamic response analysis in design [9]. 
 
1.2. Earthquake Disasters of early 1900s and seismic design coefficient 
 
Several earthquake disasters in densely populated areas in the early 20th century made it clear 
that methods needed to be developed to prevent future loss of life and property from destructive 
earthquakes. The first steps, which initiated the engineering work on the design of earthquake-
resistant structures, accompanied the introduction of the seismic coefficient (known as shindo in 
Japan and rapporto sismico in Italy) and started to appear following the destructive earthquakes 
in San Francisco, California, in 1906, Messina-Reggio, Italy, in 1908 [39], and Tokyo, Japan, 
in 1923. The first seismic design code was introduced in Japan in 1924. In California, work on 
earthquake code development started in 1920s, but it was not until after the Long Beach 
earthquake in 1933 that the Field Act was finally adopted in 1934 [40].  
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Benioff [41] comments on the seismic coefficient method in the introduction to his paper on 
seismic destructiveness as follows: “…engineers have been forced to proceed on an empirical 
basis. From past experience…it has been found that buildings, which are designed to withstand 
a constant horizontal acceleration of 0.1 gravity are, on the whole, fairly resistant to seismic 
damage….”. We know that seismic motions do not exhibit constant accelerations; that instead 
they are made up of exceedingly variable oscillatory movements. A formula based upon 
constant acceleration may thus lead to large errors, especially when applied to new types of 
structures, which have not been tested in actual earthquakes.  
 
Suyehiro [42] also discussed the “static load of the intensity given by the mass of the building 
multiplied by the horizontal acceleration of the seismic vibration.”, and Frank Lloyd Wright  
may have used it in his design of the Imperial Hotel in Tokyo, as early as 1923, especially in 
the analysis of its “floating” foundation [43].  
 
2. RESPONSE SPECTRA 
 
To study the frequency content of earthquake waves, Cavalleri [44] used six pendulums with 
different periods and recorded their motion in fine powder. He assumed that the range of 
frequencies between two and four cycles per second was adequate to “embrace every 
undulation occasioned by any earthquake.” Another attempt to use multiple pendulums of 
different lengths (periods) to study earthquake motions was made by Brooks, from Louisville, 
Kentucky, to observe the New Madrid earthquakes of 1811 and 1812 [13]. A century later, the 
same approach was used by Suyehiro [45]. Cloud and Hudson [46] note that the Suyehiro’s 
instrument “can be thought of as a direct way of measuring the earthquake response spectrum. 
It is perhaps unfortunate that at the time the Seismic Vibration Analyzer was developed the full 
implications of the device were not generally realized, and the advantages of the instrument 
were never fully exploited.” Cloud and Hudson do not cite the studies of Brooks or Cavalleri, 
but their comment applies to essentially all mechanical vibration analyzers consisting of 
multiple pendulums that were developed before 1932, when the RSM was finally introduced.  
 
An instrument operating on the same principle as a mechanical vibration analyzer was also 
constructed in the late 1930s by the U.S. Coast and Geodetic Survey (USC&GS) [47]. A 
description of multi-pendulum instruments—AIS-1, which had two groups of pendulums 
recording in two mutually orthogonal horizontal directions, AIS-2, which had multiple 
spherical pendulums, and AIS-2p, a portable version of AIS-2, can be found in [48]. AIS-2p 
consisted of four pendulums recording horizontal motion (T = 0.15, 0.30, 0.60, and 0.90 s) and 
three pendulums recording vertical motion (T = 0.075, 0.15, and 0.30 s). A multiple-pendulum 
recorder (the Structural Response Recorder or SRR) consisting of six pendulums having three 
sets of periods (T = 0.40, 0.75, and 1.25 s) and two sets of damping values (0.05 and 0.10 of 
critical) was also constructed in India [49, 50]. 
 
2.1. von Karman and Biot 
 
The mathematical formulation of the RSM first appeared in the doctoral dissertation of M.A. 
Biot in 1932 and in two of his papers [2, 3]. Biot defended his Ph.D. thesis at Caltech in June 
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1932 and presented a lecture on the method to the Seismological Society of America meeting, 
held at Caltech, the same month. Theodore von Kármán, Biot’s advisor, played the key role in 
guiding his student and in promoting his accomplishments. After the method was formulated, 
Biot and von Kármán searched for an optimal design strategy. A debate at the time was 
whether a building should be designed with a soft first floor or be stiff throughout its height, to 
better resist earthquake forces [7].  
    
Biot’s Ph.D. Thesis “Transient Oscillations in Elastic Systems” (Thesis No. 259, Aeronautics 
Dept., Caltech, 1932) dealt with the general theory of transient response. In Chapter II of his 
thesis, entitled “Vibration of Buildings during Earthquake,” he introduced the formulation of 
what would later become known as the Response Spectrum Method (RSM). In [3], on page 
213. he states that “any vibration of an elastic undamped system may always be considered as a 
superposition of harmonics.” Few lines further down, he continues: “…a building, like any 
elastic system, has a certain number of so called normal modes of vibration, and to each of 
them corresponds a certain frequency…we will show that any motion can be calculated when 
we know these modes of vibration.” On the next page (p. 214), Biot defines F(v), which he 
calls the frequency distribution or the spectral distribution of ground acceleration, which in our 
modern terms is the Fourier amplitude spectrum of ground acceleration. Near the bottom of the 
same page, Biot states: “…we are not interested in the motion itself of the building, but merely 
in its maximum amplitude. This maximum is the sum of the amplitudes of each separate free 
oscillation. It will not always be reached because it supposes that an instant exists for which all 
of the free oscillations have their maximum deflection simultaneously. However, this 
maximum will many times be nearly reached in a short time, and in any case it is the highest 
possible value.” (Today, when we discus methods for superposition of modal responses, we 
refer to this formulation as Biot’s sum of absolute maxima—e.g. [51]). Finally, on page 215, 
Biot discusses the properties of the spectral distribution, and mentions Suyehiro’s observations 
in Japan. He then concludes: “If we possessed a great number of seismogram spectra we could 
use their envelope as a standard spectral curve for the evaluation of the probable maximum 
effect on buildings.”  
 
Biot’s interest in the maxima of the transient response in solids and in fluids preceded, and 
extended beyond earthquake engineering. After he formulated the concept of the RSM, he 
extended it to other vibrational problems such as the analysis of aircraft landing gear. He 
briefly returned to the subject of earthquake engineering almost ten years later, presenting 
response spectral amplitudes of several earthquakes, which he calculated using the torsional 
pendulum at Columbia University [4]. In 1942, he presented a review of the response spectrum 
method, discussed the effects of flexible soil on the rocking period of a rigid block [52], and 
described the spectrum superposition method based on the sum of absolute modal maxima [5]. 
After 1942, Biot moved on to other subjects, making fundamental contributions to many other 
fields. He did not write papers on earthquake engineering [53], but followed closely and with 
interest the work of others [54]. 
 
Today, Biot is well known to almost everybody working in mechanics, primarily for his 
contributions to poromechanics [55], the theory of folding, and the second-order theory of 
elasticity [56]. The year 2005 marked the 100th anniversary of Biot’s birth, and papers, special 
issues of journals, and conferences were organized to celebrate the occasion. An international 
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conference was held in Norman, Oklahoma (May 2005), the Biot Centennial  [53], and a 
special issue (Vol. 26, No. 6-7) of Soil Dynamics and Earthquake Engineering entitled “Biot 
Centennial—Earthquake Engineering” was published in 2006. A special issue entitled 
“Response Spectra” of the Indian Society of Earthquake Technology Journal (Vol. 44, No. 1) 
was published in 2007. This special issue was prepared for the occasion of the 75th anniversary 
of the response spectrum method and contains fourteen papers, which are all devoted to various 
aspects of response spectra.  
 

 
 
Figure 1 - Early careers of the three young earthquake engineers, M. Biot, G. Housner, and E. 
Popov, covering their undergraduate and graduate education and the periods when they were 
at Caltech (shown in red) [1, 5, 57, 59]. 
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2.2. Three students at Caltech in 1930s 
 
Two other future earthquake engineers were among the graduate students at Caltech soon after 
Biot completed his Ph.D in 1932 (Fig. 1). G.W. Housner arrived in 1933 and completed his 
M.S. studies during the 1933/34 academic year, and E.P. Popov started his Ph.D. studies in 
1935. Both were students of R.R. Martel in civil engineering. After graduation, Housner 
became practicing engineer, from 1934 to 1939, and then he returned to Caltech and graduated 
with a Ph.D. degree in 1941. He briefly worked with Corps of Engineers in Los Angeles before 
taking part in the World War II, in Northern Africa and in Italy. Housner returned to Caltech as 
a faculty member in 1945. E. Popov interrupted his Ph.D. studies in 1937 ([57] see pages 39–
40) to work as practicing engineer from 1937 to 1945, and then he returned to graduate school 
at Stanford in 1945. He completed his Ph.D. work in 1946 as the last student of S. Timoshenko 
(Fig. 1). After graduation, Popov joined the University of California at Berkeley, where he 
played the key role in creation of one of the leading earthquake engineering departments. He 
made numerous original contributions to the subject of structural design to resist earthquake 
forces.  
 
From mid- to late 1930s, von Kármán and Biot were writing their book Mathematical Methods 
in Engineering [58], which had several chapters directly applicable to the structural dynamics 
problems related to earthquakes [59]. As graduate students Biot, Housner, Hudson, Popov, and 
many others all took courses from von Kármán, whose style of teaching, with emphasis on the 
essential physical nature of the problem, left a strong and enduring impression. In [60] Housner 
recalls, “when I started to work on my Ph.D. thesis on the dynamics of buildings, Prof. Martel 
asked von Kármán about the differential equation for a vibrating beam.” Housner introduces his 
dissertation as “a continuation of the work done by M.A. Biot and M.P. White.” In the first part 
of his thesis, he reviews the response spectrum method along the lines formulated by Biot [1-
3], but he places emphasis on a practical engineering viewpoint. Housner also presents the plots 
of the response spectra, which he computed by using a torsional pendulum analogue [61], and 
examines a representation of the earthquake ground shaking problem in terms of wave energy 
flow, which was previously done for structures by Sezawa and Kanai [62, 63]. 
 
3. DESIGN CODES 
 
Work on developing building codes began in Italy in 1908, following the Messina disaster in 
which more than 100,000 persons were killed; in Japan following the 1923 Tokyo disaster, in 
which more than 150,000 perished; and in California after the Santa Barbara earthquake of 
1925 [42, 64]. In 1927, the “Palo Alto Code,” developed with the advice of Professors Willis 
and Marx of Stanford University, was adopted in Palo Alto, San Bernardino, Sacramento, Santa 
Barbara, Klamath, and Alhambra, all in California. It specified the use of a horizontal force 
equivalent to 0.1 g, 0.15 g and 0.2 g acceleration on hard, intermediate, and soft ground, 
respectively. 
 
The “Provisions Against Earthquake Stresses,” contained in the Proposed U.S. Pacific Coast 
Uniform Building Code was prepared by the Pacific Coast Building Officials Conference and 
adopted at its 6th Annual Meeting, in October, 1927, but these provisions were not generally 
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incorporated into municipal building laws [64]. The code recommended the use of horizontal 
force equivalent to 0.075g, 0.075g, and 0.10 g acceleration on hard, intermediate, and soft 
ground, respectively. Following the 1933 Long Beach earthquake, the Field Act was 
implemented. Los Angeles and many other cites adopted an 8 percent g base shear coefficient 
for buildings and a 10 percent g for school buildings. In 1943 the Los Angeles Code was 
changed to indirectly take into account the natural period of vibration. 
 
San Francisco’s first seismic code (“Henry Vensano” code) was adopted in 1948, with lateral 
force values in the range from 3.7 to 8.0 percent of g, depending upon the building height [65, 
66]. Vensano code called for higher earthquake coefficients than were then common in 
Northern California, and higher than those prescribed by the Los Angeles 1943 code. 
Continued opposition by San Francisco area engineers led to a general consensus-building 
effort, which resulted in the “Separate 66” report in 1951.  The “Separate 66” was based on 
Maurice Biot’s response spectrum calculated for the 1935 Helena, Montana earthquake ([60]; 
Proc. ASCE, vol. 77, Separate No. 66, April 1951). 
 
In Los Angeles, until 1957 (for reasons associated with urban planning, rather than earthquake 
safety, and to prevent development of downtown “canyons”), no buildings higher than 150 feet 
(13-story height limit) could be built. In 1957, the fixed height limit was replaced by the limit 
on the amount of floor area that could be built on a lot. After the San Fernando, California 
earthquake of 1971, Los Angeles modified the city code in 1973 by requiring dynamic analysis 
for buildings over 16 stories high (160 feet). 
 
In 1978, the Applied Technology Council (ATC) issued its ATC-3 report on the model seismic 
code for use in all parts of the United States. This report, written by 110 volunteers working in 
22 committees, incorporated many new concepts, including more realistic ground motion 
intensities. Much of the current Uniform Building Code was derived from ATC-3 report. 
 
4. COMPUTERS AND DYNAMIC ANALYSES 
 
Modern computation of response spectra can begin with the solution of Duhamel’s integral [67] 
and then selection of the maximum response. Prior to the age of digital computers, execution of 
these tasks was difficult and very time consuming. Before the 1940s, direct numerical 
integration [68] and semi-graphical procedures using Intergraph instruments [69] were used.  
 
“The first use of a mechanical analyzer for finding oscillator response to an earthquake motion” 
was by Frank Neumann  of the U.S. Coast and Geodetic Survey in 1936 [70, 71]. In this work, 
the earthquake displacement curve, obtained by double integration of an accelerogram,, was 
used to govern the motion of a torsional pendulum” [72].  
 
Response spectra were evaluated mechanically at Stanford University. “The acceleration record 
was integrated twice to give ground displacements. A cam cut in the pattern of these 
displacements actuated a shaking table upon which a simple oscillator was placed.” The 
maximum relative displacement of such an oscillator multiplied by its natural frequency, n> , 
then gave the required value of pseudo-spectral velocity [73, 74]. 
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White and Byrne [75] suggested a method by which an accelerogram can be used directly to 
actuate a mechanical analyzer. This principle is the same as the one later employed by Biot [4, 
5] and Housner [73, 76].  
 
The first practical method for computation of spectral amplitudes was based on the torsional 
pendulum analog [4, 78]. In this method, an oscillator is represented by an eccentric mass 
supported by stretched wire, one end of which is forced to twist through angles proportional to 
the acceleration amplitude, versus time [4, 73, 77]. The most time-consuming difficulty 
associated with the use of such a torsional pendulum was the inconvenience of changing the 
natural period of torsional response. Gross changes in period were made by using torsional wire 
of different diameters. Fine adjustments were made by selecting the eccentricity of the mass on 
the inertia bar. Damping was also difficult to control. At first, it was thought to be zero, but 
later it was discovered to be in the range of a few percent of critical. The damping in the 
torsional pendulum came from the internal friction of the torsional spring and from air damping 
of the inertia bar [77]. With Biot’s torsional pendulum at Columbia University, it took about 8 
hours to construct one spectrum curve consisting of about 30 points [5]. At Caltech, it took 
about 15 minutes to construct one spectrum point [77]. Prorating these durations to 
computation of spectra at 91 period points for five damping values [67] results in a duration of 
work of about 7,000 minutes (167 hours; Fig. 2). 
 

 
 
Figure 2 - Time required to compute one set of standard response spectrum curves (in 
minutes), and the cumulative number of accelerograms in strong-motion databases (light 
dashed line for the period prior to 1970) and in the uniformly processed strong-motion 
databases (wide gray line for the period after 1970) [4, 5, 73, 77]. 
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At the Earthquake Research Institute of Tokyo University, a moving coil galvanometer element 
was used as the mechanical torisonal system [79]. It had a torsional element with fixed 
frequency, and the period changes were effected by changing the speed of the film drive 
mechanism in the ground motion generator. By energy input into the torsional system, through 
an electrical feedback loop, effective zero damping of the system was possible. 
 
The idea of using analog computers for computation of response spectra can be traced back to 
Biot [3]: “The direct computation of…spectra might be tedious, but automatic electrical 
methods can be easily imagined, such as a photographic record passing in front of a 
photoelectric cell acting upon a tuned circuit”. This idea was finally implemented 20 years 
later, during the 1950s [77, 80]. In the late 1940s, an analog computer technique was 
introduced for solving the response of a single-degree-of-freedom system to arbitrary 
excitation. The significance of the analog computer was that it enabled, for the first time, 
systematic calculation of response spectra with assigned damping values. It was about 30 times 
faster than the torsional pendulum analog (Fig. 2). Crede et al. [81] showed how a commercial 
electronic differential analyzer could be used for determination of response spectra. Then, a 
special-purpose spectrum analyzer using electronic operation techniques was described by 
Morrow and Riesen [82]. Using these ideas, a small special-purpose analog computer system, 
Mark II, designed for computation of response spectra, was developed in 1954 and tested 
through the mid-1950s [80]. Using this electric analog, response spectra were calculated for a 
series of strong-motion earthquakes in the western United States [69]. 
 
In the early 1960s, the methods for computation of response spectra started to change, 
following the general availability of digital computers. Digitized accelerograms could be used 
in Duhamel integral, and integration could be performed numerically. Assuming that 
acceleration data can be approximated by piece-wise, straight-line segments between equally 
spaced points in time, the Duhamel integral can be integrated exactly over each time interval, 
thus reducing numerical integration to a sequential application of 2 � 2 matrices and two 2-
component vectors. This required eight multiplications and six additions for each time step, or 
14 N operations for an accelerogram defined by N points [83]. 
 
As shown above, before the digital computer age computation of response spectra of strong-
motion accelerograms was difficult and labor intensive, and the results had very uncertain 
accuracy [61]. This, in combination with a very small number of available recorded 
accelerograms, made it impossible to carry out empirical studies on the scaling of earthquake 
spectral amplitudes. Also, it was difficult to explore the governing laws and to link the physical 
nature of the earthquake source mechanism with the amplitudes and shape of the response 
spectrum [84]. It was primarily for these reasons that the response spectrum method was 
confined largely to the realm of academic research for almost 40 years (1932 to � 1972). 
 
4.1. Empirical Scaling of Spectral Amplitudes 
 
Since mid-1970s, numerous studies of the empirical scaling methods of spectral amplitudes 
have been developed. This work has typically occurred in cycles, which followed significant 
increases in the strong motion database after major earthquakes. The first successful scaling 
equations were developed in mid-1970s, with less than 200 strong motion records, but by the 
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mid-1990s about 2,000 records were recorded and processed with all accompanying site and 
earthquake information, and the development of advanced empirical scaling equations became 
possible [85, 86]. 
 
Empirical scaling of spectral amplitudes involves a characterization of the wave attenuation 
with distance, a process which is region dependent and which is, therefore, best formulated in 
terms of the locally recorded strong ground motion. For many years lack of locally recorded 
strong motion accelerograms has forced earthquake engineers to use recordings from other 
countries in their dynamic response analyses. Many studies have shown, however, that there are 
significant differences in attenuation of seismic waves in different geological regions and in the 
regional practices used in the determination of local magnitude and intensity scales, making it 
mandatory that the local attenuation laws be used together with locally determined magnitudes 
and intensities. Fortunately, this does not pose a problem for the territory of former Yugoslavia, 
as one of the richest strong motion databases is available in this region. Furthermore, extensive 
empirical scaling equations have been developed for this database [87], and therefore the 
locally calibrated empirical scaling equations are readily available, either for site-specific 
prediction of strong motion amplitudes or for the regional hazard mapping for micro or macro-
zoning applications. 
 
4.2. Seismic Hazard Analyses 
 
Biot viewed the formulation of the standard design spectra as an enveloping process that 
depended upon the availability of many accelerograms recorded under different earthquake and 
site conditions [3]. This approach was used extensively in numerous projects requiring site-
specific design criteria, and it has also been responsible for influencing the spectral shapes used 
in design codes [88]. After the mid-1970s, with the accumulation of the recorded and processed 
strong-motion accelerograms, and following the development of the concept of uniform hazard 
spectrum in 1977 [89], Biot’s concept of searching for envelopes evolved into a process of 
finding the distribution functions of site-specific spectral amplitudes. After the detailed 
attenuation functions of spectral amplitudes were developed [85-87], it became possible to use 
the uniform hazard spectrum in both site-specific work and in seismic microzonation [89]. 
 
At present, the uniform hazard spectrum, based on Pseudo Relative Velocity spectrum 
amplitudes, is the most advanced method for seismic zoning and for preparation of micro and 
macro-zoning maps. Readers who wish further to peruse this subject should study the 
methodology for seismic micro-zoning described in Lee and Trifunac [90]. This report shows 
how the site-specific uniform hazard spectra can be constructed directly from maps showing 
the geographic variations of spectral amplitudes, for a given probability of exceeding the design 
amplitudes and for a selected set of oscillator periods.  
 
4.3. Probabilistic Response Analyses 
 
Response spectra are used to estimate the largest peak response of a linear structural system in 
a seismic environment. Traditionally, this has been done through the use of appropriate modal 
combination rules in case of multi-degree-of-freedom systems. While these methods do not 
consider uncertainty in response due to phasing in seismic waves, those also do not go beyond 
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estimating the largest peak response, and have natural limitation of being applied accurately to 
only a few types of structural systems. Here we mention alternative methods, which have been 
developed since mid-1970’s to give probabilistic estimates of response peaks, while continuing 
to use the information available through response spectra. These methods have the convenience 
of being applied in a variety of situations, do not usually suffer from the inaccuracies associated 
with the use of modal combination rules, and present state-of-the-art methodology in linear 
seismic response analysis. 
 
Computation of the response usually involves direct integration of the differential equations in 
time domain, if the time-history of the excitation is known a priori [61]. For linear problems, 
which can use the superposition principle, this may be performed in frequency domain also. 
When there is uncertainty regarding the time-history of the excitation, stochastic methods of 
response estimation can be used. Though these methods have traditionally centered around the 
most elementary discrete representation of the structures, in terms of the single-degree-of-
freedom (SDOF) or multi-degree-of freedom (MDOF) systems, those can be extended to the 
continuum model representation also. The stochastic methods have been particularly helpful for 
evaluation of the relative significance and additional contributions (i) due to torsion and 
rocking in strong motion [91-95], (ii) due to soil-structure interaction [91, 92, 96], and (iii) in 
the description of relative amplitudes of all peaks of the response [51, 97-106]. These methods 
have further enabled incorporation of the response into the general framework for 
characterization of seismic hazard [107]. 
 
4.4. Response spectrum in design 
 
In his 1934 paper [3], Biot stated that if a large enough number of seismogram spectra is 
available, it would be possible to use their envelope as a standard spectral curve for evaluating 
the probable maximum effect on structures. In [4], he continued: “These standard 
curves…could be made to depend on the nature and magnitude of the damping and on the 
location. Although the previously analyzed data do not lead to final results, we…conclude that 
the spectrum will generally be a function decreasing with the period for values of the latter 
greater than about 0.2 s. A standard curve for earthquakes of the Helena and Ferndale…for 
values T > 0.2 s, could very well be the simple hyperbola A=0.2g/T, and for T < 0.2 s, A = 
g(4T + 0.2), where T is the period in seconds and g the acceleration of gravity. This standard 
spectrum is plotted in Figs. 3 and 4. Whether this function would fit other earthquakes can only 
be decided by further investigations.” 
 
Eighteen years later, Housner [108, 109] averaged and smoothed the response spectra of three 
strong-motion records from California (El Centro, 1934, M = 6.5; El Centro, 1940, M = 6.7; 
and Tehachapi, 1952, M = 7.7) and one from Washington (Olympia, 1949, M = 7.1). He 
advocated the use of this average spectrum shape in earthquake engineering design (five light-
thin lines in Fig. 3, for damping values ? 	  0.005, 0.02, 0.05, 0.10, and 0.20. 
 
Newmark and co-workers [111, 112] proposed that the shape of response spectra can be 
determined approximately by specifying peak acceleration, peak velocity, and peak 
displacement of strong ground motion. Spectrum shape was further studied by Mohraz  et al. 
[113] using 14 strong-motion records and by Blume et al. [114], who analyzed 33 records. The 
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recommendations of the Newmark and Blume studies of the shape of the response spectra [115] 
were later adopted by the U.S. Atomic Energy Commission (at present the U.S. Nuclear 
Regulatory Commission) [110] for use in the design of nuclear power plants.  
 

 
 
 
Figure 3 - Comparison of Biot “standard spectrum” [4, 5] (heavy line) with average spectrum 
of Housner [108, 109], for five damping values (light-thin lines). 
 
In engineering design work, the fixed shapes of Housner and Newmark spectra, normalized to 
unit peak acceleration, were scaled by selecting the design peak acceleration. This procedure, 
which was first systematically used in the design of nuclear power plants, emerged as the 
standard scaling procedure for determination of design spectra in the late 1960s and early 
1970s. 
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The rapid increase in the number of recorded strong motion accelerograms, which started with 
San Fernando earthquake, in California, in 1971, made possible advanced and more complete 
 

 
 

Figure 4 - Comparison of Biot “standard spectrum” [4, 5] (heavy line) with the regulatory 
guide 1.60 spectrum  [110] (four light-thin lines for ? 	  0.005, 0.02, 0.05, and 0.10). 
 
 
empirical scaling of the response spectral amplitudes. Detailed review of this subject is beyond 
the scope of this writing, but the reader can find a detailed review of this subject in the work of 
Lee [86]. 
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The development of current seismic building code provisions started in the 1950s. A Joint 
Committee of the San Francisco Section of the ASCE and the Structural Engineers Association 
of Northern California prepared a model lateral force provision based on a dynamic analysis 
approach and response spectra [116]. The Proposed Design Curve, C = K/T (where K is a 
scaling coefficient and T is the period of the structure), was based on a compromise between a 
standard acceleration spectrum by Biot [4, 5] and an El Centro analysis by E.C. Robison. The 
Biot curve for peak ground acceleration (PGA) of 0.2 g has a peak spectral acceleration of 1.0 g 
at a period of 0.2 seconds. The curve then descends in proportion to 1/T. If the peak spectral 
acceleration is limited to 2.5 times the PGA, the Biot spectrum is very close to the 1997 UBC 
design spectrum for a PGA of 0.2 g. The proposed design lateral force coefficient was C = 
0.015/T, with a maximum of 0.06 and a minimum of 0.02. These values were considered 
consistent with the current practice, and the weight of the building included a percentage of live 
load [88]. 
 
4.5. Nonlinear Response Spectrum Method 
 
An important development that preceded the widespread use of RSM in engineering design was 
carried out by N. Newmark and his co-workers and students. It introduced a simple, practical 
procedure, based on the comparative analysis of linear and nonlinear SDOF systems excited by 
the same strong ground motion record, which enabled simple approximate estimation of the 
nonlinear response spectral amplitudes for use in design. Implementation of this approach starts 
with the linear response spectrum amplitudes, which are then multiplied by the reduction 
factors to yield the nonlinear design spectra. A recent review of this work and of its validity 
near earthquake faults can be found in the papers by Jalali et al. [117], and Jalali and Trifunac 
[118-120]. 
 
5. GENERALIZATIONS OF THE RESPONSE SPECTRUM  METHOD 
 
Common use of the response spectrum method implicitly assumes that all points of building 
foundations move synchronously and with the same amplitudes. This implies that the wave 
propagation in the soil can be neglected. Unless the structure is long (e.g., a bridge with long 
spans, a dam, a tunnel) or stiff relative to the underlying soil, these simplifications are justified 
and can lead to selection of approximate design forces. Simple analyses of two-dimensional 
models of long buildings suggest that when a/2 < 10-4, where a is wave amplitude and 2 is the 
corresponding wavelength, the wave propagation effects on the response of simple structures 
can be neglected [121-124]. 
 
Differential motions 
 
Figs. 5a and b illustrate the short waves propagating along the longitudinal axis of a long 
building or a multiple-span bridge. For simplicity, the incident wave motion has been separated 
into out-of-plane motion (Fig. 5a; [125]), consisting of SH and Love waves, and in-plane 
motion (Fig. 5b) consisting of P, SV, and Rayleigh waves. The in-plane motion can further be 
separated into horizontal (longitudinal), vertical, -of-plane motion consists of horizontal motion 
in a transverse direction and torsion along the vertical axis. Trifunac and Todorovska [126] 
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analyzed the effects of the horizontal in-plane component of differential motions and showed 
how the response spectrum method can be modified to include the first-order effects of 
differential motion on individual columns. 
 

 

 
Figure 5 - Top: Deformation of columns in a two-degree-of-freedom system, during out-of-
plane  response, excited by Love waves. Bottom: Deformation of columns in a long structure 
during in-plane response and excited by Rayleigh waves. 

 
Designating by SDC (T, 0, @, *) the relative displacement spectrum for column deformations 
where T is the period of the equivalent single-degree-of-freedom system, @  is its fraction of 
critical damping, 0 is the ratio of the peak relative response of the first floor to SD(T, @), and * 
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= Ax/ ave9  is the travel time, between central point R of all columns, and of a given column, at 
distance x (A is scaling parameter � 1, and ave9  is the average shear wave velocity in the top 30 
meters of soil) for seismic waves propagating along the surface it can be shown that for in -
plane motions (Fig. 5b) 

     � � � �4 51/ 2
2

max

2
( , , , ) ~ ( , ) ) ,SDC T SD T v0 ? * 0 ? *�                          (1) 

where SD(T, @) is the relative displacement spectrum and vmax is the peak ground velocity 
associated with the corresponding excitation.  An example of SDC (T, 0, @, * ) for strong 
motion recorded at USC Station #53 (S16W component) during the Northridge earthquake is 
shown in Fig. 6 for *  = 0.001 through 0.1 s,  0  = 1, and    @ = 0.05. 
 

 
Figure 6 - Relative displacement spectrum for columns, SDC (T, 0, @, *), for S16W component 
of acceleration recorded at USC station #53 of the Los Angeles Strong Motion Network [127], 
during Northridge, CA earthquake of January 17, 1994 (M = 6.7), at epicentral distance of 6 
km, for @ = 0.05 and 0A	ABA(one story building). The solid lines correspond to SDC spectra 
computed exactly, and the dashed lines to the approximation, given by equation (1). 
“Standard” spectrum shapes of Biot [5], Housner [108], and Seed et al. [128], normalized to 
agree with recorded motions at long periods, are shown for comparison. Peak amplitudes of 
strong motion at this site were 12.4 cm, 59.8 cm/s, and 381 cm/s2. 
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In Eqn. (1), SD(T,@) is representative of relative column displacement caused by inertial forces, 
while vmax* approximates the maximum relative column displacement arising from pseudo-
static deformations in the soil associated with wave passage. It can be seen that for long 
structures (large * ), pseudo-static deformation of columns can be large and can dominate in 
contribution to SDC (T, 0, @, *) for intermediate and short periods of oscillators (stiff 
structures). 

 
For out-of-plane motion (Fig. 5a), and ground motion consisting of long waves, SDC must be 
calculated for a two-degree-of-freedom system, with translational period T, torsional period TT 
and their respective fractions of critical damping @ and  @T.  For T � TT and @ � @T it can be 
shown that [125]. 

 � �4 51/ 2
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The SDC spectrum for in-plane motion is illustrated in Fig. 6 for horizontal component S16W 
of a recording in the near field of the Northridge California earthquake of January 17, 1994. 
The results indicate that during this earthquake the increase in the shear forces for peripheral 
columns (on individual foundations) caused by differential ground motion was significant, so 
that one must consider this effect in the design of new structures and in retrofitting of existing 
structures. This shows that for high-frequency (stiff) structures, with moderate to large 
horizontal dimensions, the shear forces and the associated bending moments in the peripheral 
columns will exceed the estimates based on the relative displacement spectra SD(T, @)  by 
factors that can be large. 
 
In Fig. 6, we also compare the computed SD(T,@) with standard spectral shapes of Biot, 
Housner, and Seed. While all of these shapes agree favorably with SD(T,@),  for this particular 
recording the Biot’s spectrum overestimates the classical SD(T,@) spectrum and is more 
conservative than the other two, if we consider the SDC spectra. 
 
Response Spectra in Near-field 
 
We cannot predict the details of the near-fault ground motion due to unknown and irregular 
distribution of fault slip and geologic rigidities surrounding the fault, non-uniform distribution 
of stress and of stress drop on the fault, and complex nonlinear processes that accompany the 
faulting. Following Jalali and Trifunac [120], we adopt a simplified approach and illustrate 
these motions by working with their substitutes that have carefully chosen amplitudes and 
durations and that have been compared with and calibrated against the observed fault slip and 
the recorded strong motions in terms of their peak amplitudes in time and their spectral 
contents [129-131]. The fault normal motion  
 
                                    ( ) .Ft
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and the fault-parallel motion we represent with (Fig. 7 bottom) 
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where the values of FA , NA , F�  and  N*  for different magnitudes are given in [120].  
 

 
 

Figure 7 - Plan view of the vertical strike-slip fault (top) and two motions, Nd  (bottom) and 

Fd (center), which illustrate the nature of fault-parallel and a fault-normal displacements.  
 
 
To emphasize how different the PSV spectral amplitudes and shapes are for Fd  and Nd  
excitations, we superimpose in Figs. 8a and b the average PSV spectra estimated by regression 
analysis of PSV spectral amplitudes computed from recorded accelerograms in the western 
U.S. Those are for motions on sediments (s = 0) or on geological basement rock (s = 2), for a 
fraction of critical damping ? = 0.05, at “epicentral” distance 0R 	 km, and for magnitudes 
M = 4.5, 5.5, 6.5, 7.5, and 8.5 [132].  
 
In routine computations or response spectrum amplitudes, it is assumed that ground motion 
starts from zero motions, and consequently it is assumed that the initial velocity and 
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displacement are zero. However, in the near field, Fd  and Nd  motions have large initial 
velocities and this becomes a dominating factor in governing the short period spectral 
amplitudes. Thus, at short periods, the PSV spectra for excitations by Fd  and Nd  near-fault 
ground motions have constant asymptotes, which tend to peak initial ground velocity. 
 

 
 
Figure 8a - Comparison of PSV spectra for Fd , fault normal pulse (Gray lines) with spectra 
“at fault”, based on regression analysis by Trifunac [132], for sites on sediments s=0, and on 
basement rock s=2. 
 
 
Theory shows that the near fault motions attenuate rapidly, like 2r�  to 4r�  [133], so that the 
spectral shapes illustrated here for Fd  and Nd  will gradually change their amplitudes and 
shapes with increasing distance r, and will merge into the familiar form shown by the 
regression models based on the recorded data, as shown in Figs. 8a and 8b. 



123

 
At short periods, the relative displacement of the system tends toward zero, while the relative 
velocity is not zero, but rather equal to the initial velocity of the ground, ( 0)gu t 	� . Therefore, 
there are two velocities contributing to the spectral amplitudes at short periods, initial velocity 
for synchronous motion, ( 0)gu t 	� , and the velocity for differential motion of the system, 

,maxn gu> *� . The maximum velocity of the system, subjected to horizontal differential ground 

motion is then 2 2 1/ 2
0 ,max[ ( 0) ( ) ]T g gPSV u t u> *D 	 	 �� � , by the SRSS rule, at short periods, 

where the first term is due to the synchronous horizontal ground motion and the second term is 
due to the horizontal differential ground motion. When 0* D , the PSV amplitude tends to the 
asymptote ( 0)gu t 	� , the initial velocity of the ground.  For out-of-plane excitation, we have 

2 2 1/ 2
0 ,max[ ( 0) (2 ) ]T g gPSV u t u> *D 	 	 �� �  [120]. 

 

 
 
Figure 8b - Comparison of PSV spectra for Nd , fault parallel displacement (Gray lines), with 
spectra “at fault”, based on regression analysis by Trifunac [132], for sites on sediments s=0, 
and on basement rock s=2. 
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For long periods T , the rotation of the columns becomes nearly the same for all excitations: 
(1) gu , (2) g gu v� , and (3) g g gu v E� � , and very small, so that the effects of the vertical 
and rocking components of the ground motion on the response also become relatively small. 
For excitation by horizontal differential ground motion ( gu ), the rocking of the upper part of 
the structure is small relative to the rotation of columns, so the relative rotation of the columns 
at the top and bottom becomes almost the same. For excitation by simultaneous horizontal and 
vertical differential ground motion, g gu v� , because of the axial rigidity of columns, rocking 
of the upper part of the structure becomes large relative to the rotation of the columns, so that 
the relative rotation of the columns at the top becomes larger than at the bottom. For 
simultaneous excitation by horizontal, vertical and rocking ground motion, (3) g g gu v E� � , 

the rocking of the upper part of the structure, GE , and the rotation of the two columns do not 

change significantly relative to cases (1) and (2), but because of the ground rocking (
igE ) the 

relative rotation of both columns at the bottom changes. The above trends are essentially the 
same for both upward and downward excitation by gv . 
 

 
 
 
Figure 9 -  The system deformed by the wave, propagating from left to right, with phase 
velocity xC , for the case of 

igv� (“up” motion). 
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The results show that for nearly synchronous ground motion (small * ), the effect of the 
vertical and rocking components on the linear response of a long-period system is small (for 
zero time delay the phase velocity is infinite, and therefore the rocking component of the 
ground motion at the two end piers of the building is equal to zero). The differential vertical 
ground motion mostly affects the relative rotation of the columns at the top ( 1T  and 2T  in Fig. 
9), and the rocking component of the ground motion mostly affects the relative rotation of 
columns at the bottom (1 and 2 in Fig. 9). Consequently, the differential vertical ground motion 
at the end foundations is transferred directly to the top, and for a long-period system this results 
in the rotation of the upper part of the structure. 
 
The consequences of the described trends are that for long periods the PSV amplitudes tend 
toward constant asymptotes  
 
                                             ,maxsinT n gPSV h> ED 	                                     (5) 
 
at the base of the columns, and toward 
 
                                            ,maxsinT n GPSV h> ED 	                                      (6) 
 
at the top of the columns. In Eqn. (5), ,maxgE  is the peak of the rocking angle of ground 

motion, and in Eqn. (6), when T D ,  
1 2

( ) /G g gv v LE D � . Jalali and Trifunac [120] 
have shown that these asymptotic amplitudes are in excellent agreement with the calculated 
PSV amplitudes, in the linear response range. However, for large excitation and response 
amplitudes, when structural components experience large nonlinear deformations, and when 
gravity loads and vertical accelerations come into play, dynamic instability becomes the 
governing factor at intermediate and long periods, and collapse occurs before the above 
asymptote can be reached [119]. 
 
5.1. Large nonlinearities and chaos 
 
Classical earthquake engineering analyses of response are based on the vibrational formulation 
of the governing equations [8, 54] and employ the concept of the linear and nonlinear 
equivalent oscillators consisting of a mass, spring and a dashpot. When this approach is 
extended to multi-degree-of-freedom systems, represented by lumped mass models, the nature 
of modeling requires placement of discrete springs, typically at the top and at the bottom of the 
columns. The nature of such modeling determines a priori that the model nonlinearities can 
occur only at the model springs. Observations of earthquake damage, however, show complex 
variations in the location and in the distribution of damage, which are difficult to predict by so 
simple models. To avoid such spatial constraints, and to enable more realistic prediction of the 
locations of early damage, we are led to a different formulation of the solution, in terms of the 
wave propagation method. The vibrational description of linear response mathematically does 
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lead to the unique solution, but when excitation includes strong pulses, accurate solution 
requires a superposition of the responses associated with at least several hundred 
characteristic functions, and since this is not practical from engineering point of view we are 
again led to the wave propagation approach. 
 
Wave-propagation methods in earthquake engineering have been used since the 1930s [62, 63, 
134, 135]. Gi(ev and Trifunac [136-138] studied wave propagation through a homogeneous 
shear layer to describe the elementary relationships among the amplitudes of incident pulses 
and the building response, with emphasis on transient and permanent strains. They used one-
dimensional (1D) representation of nonlinear shear waves in a building with constant material 
properties. Their model can describe shear waves in long buildings (when rocking response 
associated with soil-structure interaction can be neglected), and is useful for understanding the 
elementary aspects of early stages of damage in such buildings [136]. They consider a building 
with bi-linear stiffness properties, overlying an elastic half space, and excited by S-wave pulses 
arriving vertically up from the half space. They describe: (1) how the amplitudes and duration 
of incident pulses lead to nonlinear strains (rotations), strain localization, and permanent 
deformations; and (2) the conditions that determine their location inside the building. 
 
A simple way to begin to understand the nature of nonlinear energy flow into a building is to 
consider a structure with constant material properties, and to start with a linear strong-motion 
pulse in the half-space, which will produce nonlinear waves propagating through a building.  
 
For incident ground motion consisting of a short pulse with �  > 0.5, where 

2 / 2 /( 2 ) /( ) b b b b d b b dH H t H t� 2 9 9	 	 3 	 3 is the dimensionless frequency, b9  is the 

velocity of shear waves in the building, bH  is the building height, dt  is duration of the pulse 

and b2  is the wave length of the waves in the building, which lead to linear response of the 

building, the amplification of a pulse, with normalized pulse amplitude � ( /( )b ybA H �	 , 

which represents a ratio of the average drift in the building / bA H  and of the yielding strain in 

the building material yb� , is equal to 2. It results from interference of the up-propagating wave, 

with the wave reflected from the free top surface and propagating down. For long pulses (� �
0.5), the amplification depends upon the impedance ratio between the half-space and the 
building material, and on the duration of the pulse. It can occur during first-, second-, or higher-
order passes of the wave up and down the building [138]. In the example presented in Fig. 10, 
it occurs at the beginning of the third pass and the amplification is 3.62. 
 
For large values of � , which lead to nonlinear wave motion in the building, amplification of 
peak strains is a strong function of the second slope, F , in the bi-linear representation of the 
stress-strain relationship of the building material. For F = 0.0, the amplification of all peak 
rotations and strains grows rapidly with � , while for F = 0.3 and larger, it is only slightly 
above the amplification for linear wave motion. 
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With increasing � , and the first appearance of the nonlinear response, the maxima of all 
normalized strains max /b linv� 9 , /end b linv� 9 , and max / yb� �  can first occur anyplace in the 

building (Zone 3, for �  > 0.5, and 0 bx H; � , in Fig. 10) (here linv  represents the amplitude 

of the equivalent linear velocity of a pulse entering the building, and end�  is the permanent 
strain in the building after all wave motion has stopped). This corresponds to interference of 
up- and down-propagating short waves after reflection from the top of the building, and for the 
example illustrated in Fig. 10, it occurs for �  less than about 0.08 to 0.12. Beyond � ~ 0.13, 
for F = 0.0, and � ~ 0.08 for F = 0.3, the peaks of max / yb� � occur just above the interface of 

the building and the half-space (in Zone 2: �  > 0.5, and x  ~ 0). The peaks of max /b linv� 9  

occur in Zone 1 (� � 0.5, and xG ) beyond � ~ 0.11 for F = 0.0, and again in Zone 1 (� �
0.5, and xG ) for F = 0.3 and for all �  considered in this example. 
 
The above illustration of the peak rotations and peak strains in nonlinear response is for the 
example of the shear building in this example only (the densities of the half space and the 
building are assumed to be s� = 2,000 kg/m3 and b�  = 258 kg/m3, respectively, and the 

velocities of the shear waves in the half space and in the building are taken as sms /250	9 , 

and smb / 100	9 respectively. We have assumed that yb� = 0.02). For buildings with 

constant shear-wave velocities, densities, and yb�  different than those considered in our 
example, the scales of the coordinate axes in Fig. 10 will shrink or extend, but the overall 
nature of the results will remain similar. For the buildings with variable shear-wave velocities 
and densities, the general appearance of the peaks of max /b linv� 9 , /end b linv� 9 , and 

max / yb� �  will also remain similar, but will include additional complexities, which will result 
from reflection and refraction from the impedance jumps caused by changes in the shear-wave 
velocity along the wave path (building height). Some aspects of those complexities can be seen 
in the analyses of the nonlinear waves in a seven-story hotel building in Van Nuys, California, 
which was damaged by the 1994 Northridge earthquake [136]. 
 
The strain localization, which, as the above example shows, can occur almost anywhere in the 
building, depending upon the � , and �  of the pulses, implies that failure can be initiated at 
any height of the building. Thus, the final outcome will always depend upon the nature of the 
excitation and upon how many energetic pulses, and of what sizes, are present in the train of 
strong ground motion [139]. 
 
A review of Fig. 10 suggests that the normalized peak strains, max /b linv� 9 , /end b linv� 9 , and 

max / yb� � , converge to an asymptote or to a monotonically increasing trend when � D . 
However, this is not so. First, positive and negative peak strains dominate the maxima in a 
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manner that is not simple. In Zones 1 and 3, and for the range of �  we illustrated, most 
maxima are negative but, in general, positive and negative peaks appear and disappear in a 
manner that is not simple and recognizable. Second, with increasing � , beyond ~0.3 in our 
example, what at first appears as a monotonic, trend begins to fluctuate, and in some instances 
the peaks disappear. Our numerical algorithm has been formulated to work with small strains 
when ~ tan� � , and so we cannot obtain reliable results for large nonlinear deformations. 
Furthermore, in the differential equations we chose to describe, one-dimensional shear waves 
are also linear and do not include higher-order terms associated with geometric nonlinearities, 
gravity effects, and dynamic instabilities. Yet, the nature of the problem we study is 
characterized by large nonlinearities and, therefore, for large � , it will display the 
characteristics of chaotic response [140]. 
 

 
Figure 10 - Dependence of the largest normalized strains versus the dimensionless pulse 
amplitude, � , showing the zones where the largest peak occurs, for F  = 0.0 and 0.3. 
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Chaotic mechanics has been studied in many branches of applied physics since 1960s, but has 
yet to be introduced and applied to the nonlinear response problems in earthquake engineering 
[140]. Only after a significant body of careful analyses of the chaotic nature of the response of 
structures and of soils has contributed some understanding of the highly complex nature of 
nonlinear response, will we be in a better position to adopt with confidence the advanced new 
methods in earthquake resistant design. 
 
6. LIMITATIONS OF THE RESPONSE SPECTRUM METOD 
 
Biot’s mathematical formulation of the response of structures uses the vibrational approach, in 
which the solution is represented by superposition of characteristic functions (mode shapes) of 
the problem. Physically, characteristic functions (mode shapes) represent standing waves that 
have been created by constructive interference of the waves incident to and reflecting from the 
boundaries of the model. All other wave energy does enter the structure, but after some time it 
dies out due to destructive interference, scattering transmission and refraction, and propagation 
out of the structure. 
 
6.1. Low –Pass Filtering Effects 
 
In practical applications, and for most structures, the mode participation factors [61] for the 
lowest frequencies are usually the largest. In applications using detailed models (lumped mass, 
finite elements, finite differences, etc.), the contributions of high-frequency modes are usually 
neglected because these contributions to the response can be shown to be very small. This is 
equivalent to low-pass filtering of the computed motions, and it results in reduction of the 
transient peak response amplitudes. In applications that consider only the fundamental mode of 
vibration, this low-pass filtering effect is the largest. 
 
6.2. Short, Impulsive Excitation 
 
It can be shown that the modal approach is not appropriate to represent early transient response, 
particularly for excitation consisting of high-frequency pulses with duration shorter than the 
travel time, t, of an incident wave to reach the top of the building (t < H/ b9 , H and b9 are the 
building height and the velocity of shear waves in the building). As the modes of vibration 
result from constructive interference of the incoming wave and the wave reflected from the top 
of the building, the building starts vibrating in the first mode only after time t = 2H/ b9  has 
elapsed from the time the shaking starts. Although, in principle, the representation of the 
response as a linear combination of the modal responses is complete and therefore can be used 
to represent any response, short, impulsive excitation would require the considerations of many 
modes (infinitely many for a continuous model), which is impractical. Thus, the wave 
propagation methods are more natural for representation of the early transient response and 
should be explored further and used to solve problems in which the use of the modal approach 
is limited. 
 
Wave propagation models of buildings have been used to study the physics of the earthquake 
response problem, but they are only beginning to be verified against actual observations. 
Continuous, 2-D wave propagation models (homogeneous, horizontally layered, and vertically 
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layered shear plates) have been used to study the effects of traveling waves in the response of 
long buildings [121, 122, 141-146]. Discrete-time, 1-D wave propagation models have been 
used to study the seismic response of tall buildings [147]. 
 
6.3. Soil-Structure Interaction 
 
In general, the response spectrum method cannot be used for evaluation of the relative response 
of structures supported by flexible or multiple foundations and in the presence of nonlinear 
deformations in the soil. The complex role that flexible soil plays in the response of structures 
to incident wave excitation has been recognized and studied since 1930s [42, 62, 63]. Between 
1970 and 1980 the research on soil-structure interaction grew steadily. Important theoretical 
problems were solved, and key full-scale experiments were conducted [148]. However, soil 
structure interaction is rarely considered in the routine design of engineered structures, and 
when it is considered it is based on the most elementary models. 
 
A common assumption in many models that consider the soil-structure interaction effects is 
that the foundation is rigid. This reduces the number of degrees of freedom of the model and 
gives good approximations of response for ground motions composed of long wavelengths 
relative to the foundation dimensions [149]. For short wavelengths, this assumption can result 
in nonconservative estimates of the relative deformations in the structure [127, 150] and, in 
general, such an assumption can be expected to result in excessive estimates of scattering of the 
incident wave energy and in excessive radiation damping [122, 151, 152]. The extent to which 
this simplifying assumption is valid depends upon the stiffness of the foundation system 
relative to that of the soil and on the overall rigidity of the structure [153-155].  
 
Rigid foundation models are usually combined with lumped-mass, discrete representations of 
the structure. The entire system is then described by a system of differential equations, and the 
solution is given in terms of the motion of different building floors. A soil-rigid foundation-
lumped-mass structural model is usually limited to representation of one-dimensional (1-D) 
models and offers useful approximation for the lower-frequency modes of relative response. 
The response spectrum superposition method can be used in deterministic or in probabilistic 
form [91, 92, 96] with such models. 
 
The other extreme is to neglect the stiffness of the foundation system, ignore the soil-structure 
interaction and assume that the wave energy in the soil drives the building according to the 
principles of wave propagation. This approximate approach underestimates the scattering of the 
incident wave energy by the foundation [156, 157]. Because this occurs most of the time, 
ignoring soil-structure interaction and interpreting response solely through the response 
spectrum method can result in gross misrepresentation of the response within the structure. 
 
6.4. Nonlinear Systems 
 
By definition, response spectrum amplitude corresponds to the peak response of the Single 
Degree of Freedom System (SDOF), irrespective of the length of the excitation and the number 
and sign of the other peaks of response. This limitation is particularly important when linear 
response spectra are modified to describe the response of nonlinear hysteretic systems. For 
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linear systems, statistics of ordered peaks can be employed to describe the expected amplitudes 
of many peaks [101-104], but the analogous representation for nonlinear systems has not been 
developed thus far. Formulation of new design criteria based on the power of incident energy 
(demand) and the ability of structures to absorb that power (capacity) offers a rational way to 
consider amplitudes and durations of the pulses of incident motion [157]. 
 
7. FUTURE DIRECTONS – Power Design 
 
The method of response spectrum superposition works well for design of structures expected to 
vibrate without damage during the largest possible levels of shaking. However, pragmatic 
considerations, analyses of uncertainties, and minimization of cost result in the design of 
structures, that may experience damage from rare and very strong earthquake events. Thus, 
during the past 50 years, many modifications and corrections have been introduced into the 
response spectrum method to reconcile its linear nature with its desired nonlinear use in 
design. 
 
Well-designed structures are expected to have ductile behavior during the largest credible 
shaking, and large energy reserve to at least delay failure if it cannot be avoided.  As the 
structure finally enters large nonlinear levels of response, it absorbs the excess of the input 
energy through ductile deformation of its components. Thus, it is logical to formulate 
earthquake resistant design procedures in terms of the energy driving this process. From the 
mechanics point of view, this brings nothing new since the energy equations can be derived 
directly from the Newton’s second law.  The advantage of using energy is that the duration of 
strong motion, the number of cycles to failure and dynamic instability, all can be addressed 
directly and explicitly. This, of course, requires scaling of the earthquake source and of the 
attenuation of strong motion to be described in terms of its wave energy [158].  
 
In 1934, Benioff proposed the seismic destructiveness to be measured in terms of the response 
energy by computing the area under the relative displacement response spectrum. It can be 
shown that his result can be related to the energy of strong motion [159, 160]. Thus, an 
alternative to the spectral method in earthquake resistant design is to analyze the flow of energy 
during strong motion. The principal stages of earthquake energy flow are at the earthquake 
source, along the propagation path, and finally the remaining energy leading to relative 
response of the structure. The losses of energy along its propagation path must be considered. 
These losses must be accounted for to properly quantify the remaining energy, which will 
excite the relative response of the structure [157]. 
 
The seismological and earthquake engineering characterizations of the earthquake source begin 
by estimating its size. For centuries, this was performed by means of earthquake intensity 
scales, which are not instrumental and are based on human description of the effects of 
earthquakes. In the early 1930’s, the first instrumental scale of ��the local earthquake magnitude 
ML was introduced in southern California [161, 162]. Few years later, it was followed by the 
surface wave magnitude Ms [163, 164], and more recently by the moment magnitude Mw = 
(log10 M0 – 16)/1.5 (where M0 is seismic moment), and by the strong motion magnitude SM

LM  
[165]. The seismic energy associated with elastic waves radiated from the source, Es, [163, 
164] has also been used to compare sizes of different earthquakes. The seismic energy, Es, 
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radiated from the earthquake source is attenuated with increasing epicentral distance, r, through 
the mechanisms of inelastic attenuation [166], scattering, and geometric spreading. In the near-
field, for distances comparable to the source dimensions, different near-field terms attenuate 
like r-4 and r-2 [133]. The body waves (P- and S-waves) attenuate like r-1, while the surface 
waves attenuate like r-1/2. 
 

 
 
Figure 11 - Comparison of strong motion demands E1 and E2 with an envelope of structural 
capacity. 

 
The seismic wave energy arriving towards the site is next attenuated by nonlinear response of 
shallow sediments and soil in the “free-field” [167-171], before it begins to excite the 
foundation. Once the foundation is excited by the incident waves, the response of the soil-
structure-system is initiated. The incident wave energy is further reduced by nonlinear response 
of soil during soil-structure interaction [156, 172, 173] and by radiation damping [151, 174, 
175].  
 
Engineering analyses of seismic energy flow and distribution among different aspects of the 
structural response have been carried out since the mid 1950’s. A review of this subject and 
examples describing the limit-state design of buildings can be found in the book by Akiyama 
[176], and in collected papers edited by Fajfar and Krawinkler [177], for example. In most 
engineering studies, the analysis begins by integrating the differential equation of dynamic 
equilibrium of an equivalent single-degree–of-freedom system with respect to displacement, 
which results in 
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                                   EI = EK + E@  + EE + EH     (7) 
 
where EI is the input energy, EK is the kinetic energy, E@ is the damping energy, EE is the elastic 
strain energy, and EH is the hysteretic energy (e.g [178]). Common problems with this approach 
are that the computed energy is essentially converted to peak relative velocity [176], thus using 
energy merely to compute equivalent relative velocity spectra. Further, the effects of soil-
structure interaction are ignored, and because of that significant mechanisms of energy loss 
(nonlinear response of the soil and radiation damping) are neglected, leading to erroneous 
inferences about the structural response. Other simplifications and important omissions in 
equation (1) are that the dynamic instability and the effects of gravity on nonlinear response are 
usually ignored [149, 151, 152, 179].  
 
Trifunac et al. [157] reviewed the seismological aspects of empirical scaling of seismic wave 
energy, Es, and showed how the radiated energy can be represented by functionals of strong 
ground motion [129, 130, 158, 180]. They described the energy propagation and attenuation 
with distance, and illustrated it for the three-dimensional geological structure of Los Angeles 
basin during the 1994 Northridge, California earthquake. Then, they described the seismic 
energy flow through the response of soil-foundation-structure systems, analyzed the energy 
available to excite the structure, and finally the relative response of the structure.  
 
Fig. 11 illustrates the cumulative wave energies recorded at a building site during two 
hypothetical earthquakes, E1 an E2, and presents the conceptual framework, which can be used 
for development of the power design method. E1 results in a larger total shaking energy at the 
site, and has long duration of shaking leading to relatively small average power, P1. E2 leads to 
smaller total shaking energy at the site, but has short duration and thus larger power, P2. The 
power capacity of a structure cannot be described by one unique cumulative curve, as this 
depends on the time history of shaking. For the purposes of this example, the line labeled 
“capacity envelope of the structure” can be thought of as an envelope of all possible cumulative 
energy paths for the response of this structure. Figure 11 implies that E1 will not damage this 
structure, but E2 will. Hence, for a given structure, it is not the total energy of an earthquake 
event (and the equivalent energy compatible relative velocity spectrum), but the rate with which 
this energy arrives and shakes the structure, that is essential for the design of the required 
power capacity of the structure to withstand this shaking, and to control the level of damage 
[181]. 
 
7. DISCUSSION AND CONCLUSIONS 
 
Mathematical formulation of the methods for computation of response of a chosen model can 
result in the selection of vibrational or wave propagation types of analyses. The wave 
propagation approach may be advantageous, particularly for impulsive excitations; but this has 
become obvious and has been used in earthquake engineering only recently (e.g., [142, 143]). 
The wave propagation method of analysis is essential in the study of soil-structure interaction 
effects and for the structural models supported by flexible foundations. This method of 
solution, when combined with a finite element or finite difference formulation, also offers an 
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excellent tool for solution of many problems involving irregular geometry and non-linear 
material properties.   
 
Biot’s response spectrum method uses characteristic functions (mode shapes) to represent 
vibration of multi-degree-of-freedom system via a set of equivalent single-degree-of-freedom 
oscillators. Superposition of modal responses is then used to compute actual system response, 
and the peak of that response is employed in earthquake resistant design to construct envelopes 
of maximum relative responses (thus defining maximum drift), or of maximum inter-story 
forces. Mathematically, this approach is complete, and the representation in terms of modal 
responses converges to the exact linear response. However, the simplifications imposed by the 
design practice result in the use of only the lowest modes of response. The consequence is that 
the amplitudes of dynamic response to sudden, high frequency excitation by a near-field pulse 
are seriously underestimated. For large strong motion amplitudes, the above approach breaks 
down as representation in terms of a superposition of modal responses ceases to be valid for 
non-linear response. 
 
When the motion of the structure can be described by one-dimensional shear beam (i.e. the 
contribution of rotational waves can be neglected), it can be shown how equating the power of 
a pulse entering the structure with the ability of structure to absorb this power can lead to 
simple and direct estimation of required structural capacity [181]. 
 
Power (amplitude and duration) of the strong near-field pulses will determine whether the wave 
entering the structure will continue to propagate through the structure as a linear wave, or will 
begin to create non-linear zones (at first near top, and/or near base of the structure [172]). For 
high frequency pulses, the non-linear zone, with permanent strains, can be created before the 
wave motion reaches the top of the structure, that is, before the interference of waves has even 
started to occur leading to formation of mode shapes. Overall duration of strong motion [182] 
will determine the number of times the structure may be able to complete full cycles of 
response, and the associated number of minor excursions into the non-linear response range, 
when the response is weakly non-linear [105], while the presence of powerful pulses of strong 
motion will determine the extent to which the one-directional quarter period responses may 
lead to excessive ductility demand, leading to dynamic instability and failure, precipitated by 
the gravity loads [179]. All these possibilities can be examined and quantified deterministically 
by computation of the associated power capacities and power demands, for different scenarios, 
using the Power Design Method for given recorded or synthesized strong motion 
accelerograms, or probabilistically by using the methods developed for Uniform Hazard 
Analysis [107]. 
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PROJEKTOVANJE SEIZMI�KI OTPORNIH ZGRADA  

Rezime:  
 
Kriti(no su razmotrena pravila i principi na kojima se zasnivaju savremeni propisi za 
projektovanje zgrada u seimi(kim podru(jima, sa detaljnim osvrtom na Evrokod 8. 
Potom su predstavljene savremene metode projektovanja zasnovane na o(ekivanom 
ponašanju konstrukcije pri razli(itim nivoima seizmi(kog optere*enja (engl. 
performance-based design), gde su istaknute dve metode, koje zaslužuju posebnu 
pažnju. Opisano je nekoliko primera u kojima su za projektovanje armiranobetonskih 
zgarada upotrebljene navedene metode. Razli(iti pristupi projektovanju upore)eni su 
sa ekonomske ta(ke gledišta i u pogledu o(ekivanog ponašanja za vreme zemljotresa. 
Pri tome su upotrebljeni rezultati dinami(ke i stati(ke nelinearne analize. Na osnovu 
toga su izloženi generalni zaklju(ci.   
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DESIGN OF EARTHQUAKE RESISTANT BUILDINGS 

Summary:  

Seismic design procedures for buildings adopted by current codes for earthquake-
resistant design, with emphasis on Eurocode 8, are first critically reviewed. Then 
current trends for performance-based seismic design are discussed, with emphasis on 
two procedures that merit some particular attention. A number of selected case-studies 
are summarised, involving reinforced concrete buildings designed to a number of the 
aforementioned procedures. The different designs are compared in terms of economy 
and seismic performance, the latter assessed using inelastic analysis of the static 
and/or dynamic type, and some general conclusions are drawn.   

Key words: seismic design, buildings, analysis methods, new trends, Eurocode 8 
 

 

                                                 
1 Professor, Civil Engineering Department, Aristotle University of Thessaloniki (Greece) 

INTERNATIONAL CONFERENCE ON EARTHQUAKE ENGINEERING

Banja Luka, October 26-28 2009
th



148

1 INTRODUCTION 
The objective of this paper is to provide a critical overview and discussion of the various 

seismic design procedures available for buildings, with a view to assessing whether currently 
adopted procedures are adequate and also whether new (or relatively new) proposals for 
improved design methods could be useful within the frame of the ‘new generation’ of codes. 
First, the seismic design procedures for buildings adopted by current codes for earthquake-
resistant design are summarised and discussed, with specific emphasis on the current leading 
code in Europe, Eurocode 8 [1], and some brief comparisons with other international codes 
(such as the American IBC [2]). Second, the current trends for performance-based seismic 
design are presented and discussed, with emphasis on two procedures that merit some parti-
cular attention, namely direct displacement-based design [3] and deformation-based design [4].  

The critical overview of the various methods is followed by a critical summary of a number 
of selected case-studies, involving reinforced concrete buildings designed to a number of the 
aforementioned procedures. The different designs are compared in terms of economy (required 
quantity of materials and estimated labour costs) and of seismic performance. The latter is 
assessed using inelastic analysis of the static and/or dynamic type. Finally, some general 
conclusions are drawn regarding the feasibility of using new procedures that aim at a better 
control of the seismic performance of buildings under different levels of seismic loading. 

2 CURRENT SEISMIC CODE PROCEDURES 
To date, the two leading seismic codes worldwide are arguably Eurocode 8 [1], the 

prevailing code in Europe (and some countries in other parts of the world), and the Interna-
tional Building Code [2], which has recently replaced the long-established previous codes, such 
as the Uniform Building Code [5] in North and Central America (and other parts of the world). 
Most of these codes share essentially the same principles and design procedures, although 
differences in some of their provisions do exist and the designs resulting from each code are 
not the same (for the same design assumptions). In the following, the focus will be on 
Eurocode 8 (EC8), while some brief comparisons will be made with the IBC [2]. It should be 
mentioned here that, as far as seismic design actions are concerned, the IBC generally adopts 
the ASCE 7 standard [6]. 

2.1  OVERVIEW OF EUROCODE 8 

Eurocode 8 is one of the nine main Structural Eurocodes. It contains only those provisions 
that, in addition to the provisions of the other relevant Eurocodes, must be observed for the 
design of structures in seismic regions, hence it complements in this respect the other 
Eurocodes. 

Its purpose is to ensure that in the event of earthquakes 
- human lives are protected 
- damage is limited 
- structures important for civil protection remain operational. 
In this respect, the Eurocode 8 can be considered as a performance-based code, hence in 

line with current trends [7-9] for this code format. However, due to its very nature (a code 
which should be accepted by and implemented in countries with very different seismic hazard, 
as well as seismic design ‘culture’), EC8 does not go all the way towards a multiple 
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performance objectives check. Rather, it focuses on a single performance objective (limit 
state), the one related to protection of human life, while serviceability (or damage limitation) is 
checked in a rather simplified way and without a clear indication of the performance sought. 

The first part of Eurocode 8, EN 1998-1 [1], contains the general rules for the design and 
construction of buildings and civil engineering works in seismic regions. It is subdivided in ten 
sections, some of which are specifically devoted to the design of buildings.  

Section 2 of EN 1998-1 contains the basic performance requirements and compliance 
criteria applicable to buildings and civil engineering works in seismic regions. 

Section 3 of EN 1998-1 gives the rules for the representation of seismic actions and for 
their combination with other actions. Certain types of structures, dealt with in the remaining 
five parts (EN 1998-2 to EN 1998-6), need complementing rules, which are given in those 
Parts. 

Section 4 of EN 1998-1 contains general design rules relevant specifically to buildings. 
Sections 5 to 9 of EN 1998-1 contain specific rules for various structural materials and 

elements, relevant specifically to buildings: 
- Section 5: Specific rules for concrete buildings 
- Section 6: Specific rules for steel buildings 
- Section 7: Specific rules for steel-concrete composite buildings 
- Section 8: Specific rules for timber buildings 
- Section 9: Specific rules for masonry buildings 
Finally, Section 10 of EN 1998-1 contains the fundamental requirements and other relevant 

aspects for the design and safety related to base isolation. 
It is clearly beyond the scope of this paper to provide a comprehensive review of all parts of 

EC8. This can be found in the extensive relevant literature, which includes entire books [10] or 
chapters (e.g. ch. 4 in [9]) that describe in detail the provisions, as well as the background of 
this Eurocode. Since the main goal of this presentation is to assess in a critical way whether 
current code procedures are adequate and whether the new generation of seismic codes should 
be based on the currently adopted ‘philosophy’ or should switch towards new proposals that 
are based on response quantities like displacements and/or deformations, the following section 
provides a step-by-step summary of the EC8 procedure for seismic design of buildings, a 
format that is also kept (mutatis-mutandis) in the presentation of the other (new) methods. 

2.2  STEP-BY-STEP SUMMARY OF THE EUROCODE 8 DESIGN PROCEDURE 
FOR BUILDINGS 

Unlike the new proposals described in Section 3, wherein the analysis method is an integral 
part of the proposal, EC8 (as well as IBC and other codes) adopts several analysis methods, 
extending from the simplest to the most complicated ones, and the designer enjoys a certain 
freedom in selecting an appropriate method. Nevertheless, application of simplified methods is 
subject to a number of conditions that are imposed by the Code. A brief, critical presentation of 
the analysis methods is given hereunder, followed by the step-by-step summary of the EC8 
procedure for seismic design of buildings. 

All currently available analysis methods, i.e. 
�  Linear elastic (equivalent) static, analysis (lateral force method of analysis) 
�  Linear elastic dynamic analysis (modal response spectrum analysis) 
�  Non-linear static (pushover) analysis 
�  Non-linear dynamic (time-history or, more correctly, response-history) analysis 
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are permitted by Eurocode 8 (§4.3.3). The reference method in EC8 is modal spectrum 
analysis. The scope of each analysis procedure can be appreciated by considering the following 
four situations that might be faced by an engineer in practical design [9]: 
� For several building structures, and also for some small-scale civil engineering 

structures, the equivalent lateral force procedure can be used. The procedure is well 
documented in most current seismic codes, including the Eurocode 8 [1] and the American 
Codes [2, 5, 6].  
� For buildings with configuration problems (irregular plan and/or elevation) and for 

many of the structures falling beyond the scope of this paper, an elastic dynamic analysis has 
to be carried out, typically in the form of modal spectrum analysis. In exceptional situations 
where a probabilistic approach is warranted, power spectra may be used in lieu of normal 
response spectra. 
� In cases such as the design of very important structures, or structures clearly falling 

outside the limits of the existing codes (e.g. structures with very long fundamental natural 
periods), a full response-history analysis, typically in the inelastic range, may be required. 
Note that there is no advantage in using this procedure for an elastic analysis of the structure, 
which can be conveniently carried out (at essentially the same accuracy) using the modal 
superposition approach, the exception being structures where due to highly irregular geometry 
it is difficult to combine the modal contributions, or whenever the structural model includes 
critical frequency-dependent parameters. An appropriate selection and scaling of natural and/or 
artificial records has then to be made. 

Step 1: Estimation of Design Seismic Actions 
The design seismic action or the design earthquake is a ground motion or a set of ground 

motions defined in a way appropriate for the design of engineering structures. Depending on 
the type and importance of the structure to be designed, the seismic action can be defined in 
different ways, i.e. in order of increasing complexity 
�  as a set of (equivalent) lateral forces 
�  as a response spectrum 
�  as a power spectrum 
�  as a set of acceleration time-histories. 
For some exceptional cases such as important structures whose construction cost is 

particularly high and/or the consequences of their failure particularly severe (a typical example 
being nuclear power plants), as well as in the case of construction in areas where a design 
spectrum or a code is not available, a site-specific seismic hazard assessment study has to be 
made, typically using probabilistic techniques.  

The basis of both linear analysis procedures (static and dynamic) is the design response 
spectrum, specified in §3.2.2 of the Code. Fig. 1 provides the so-called ‘Type 1’ spectra, 
applicable wherever the seismic hazard is due to earthquakes with surface magnitude Ms 
greater than 5.5, as in the most seismic parts of Italy, Turkey and Greece, and for interplate 
events affecting Portugal. Smaller magnitude events, typically of intraplate origin and more 
common in moderately seismic regions of north-western or southern Europe, are characterised 
by a type 2 spectrum that has an acceleration plateau which is shorter and shifted towards the 
short period range. Due to space limitations and since other keynote lectures deal with seismic 
hazard assessment and the background of seismic codes, no further details will be provided 
herein for the elastic design spectrum. 
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Figure 1 – Eurocode 8 elastic response spectrum, Type 1. 

The Eurocode 8 design spectrum, to be used for elastic analysis, results from the elastic 
response spectrum with some modifications. The most important modification is the reduction 
of the ordinates by the so-called behaviour factor (similar to the response modification 
coefficient in the American codes [6]), which is meant to reduce the elastic response spectrum 
to an inelastic one that will provide (hopefully) reasonable values of member forces when used 
in analysis. For instance, for the horizontal plateau of the spectrum (see Fig. 1), the following 
expression applies: 

� �
q

SaTS gd
5.2

33	                            (1) 

where Sd(T) is the ordinate of the design spectrum,AA^g the design PGA (peak ground 
acceleration) corresponding to a 10% probability of being exceeded in 50 years, S a soil 
parameter, and q the behaviour factor. The values of q depend mainly on the ductility class for 
which the building is designed (Low-Medium-High), the type of the structural system and its 
regularity in elevation, and are prescribed in the material-dependent sections of EC8 (listed in 
section 2.1 of this paper). They also depend on the overstrength of the building, expressed as 
its ability to sustain forces higher than those causing the first yield in a member.   

In the case of elastic (equivalent) static analysis, Sd is calculated for the fundamental period 
(T1) of the building and provides directly the ‘seismic coefficient’, i.e. the fraction of service 
loading applied as an equivalent horizontal force (base shear) to the structure, while in elastic 
dynamic (response spectrum) analysis contributions of several modes are estimated from the 
same spectrum. 
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It is important to note that for the design seismic actions to be specified, the stiffness of the 
building has to be known a-priori (unlike, for instance, what happens in displacement-based 
methods, see Section 3.2), so that a (preliminary) modal analysis can be carried out, which will 
furnish the periods (T1, T2, T3 etc.) of the various modes. In the case of the most simplified 
procedure (equivalent static analysis), the required period T1 can be estimated from empirical 
relationships, for buildings with heights (H) of up to 40 m 

T1 C Ct · H3/4                          (2) 
where Ct is an empirically-derived coefficient (e.g. Ct=0.085 for steel frames).  

When acceleration time-histories are used for design, it is imperative that they actually 
correspond to the design earthquake for the site under consideration, which means that the 
envelope of the response spectra of the accelerograms used should reasonably match the elastic 
design spectrum for the site (no reduction through q-factors). 

All available types of design accelerograms (actual earthquake records, artificial 
accelerograms, simulated accelerograms) are generally allowed as input for response-history 
analysis in Eurocode 8. The duration of the records must be consistent with the characteristics 
(M, R, etc.) of the earthquake underlying the establishment of the design �g. In the absence of 
more specific data, the minimum duration ts of the strong motion part of artificial 
accelerograms could be taken as 10sec.. Note that the total duration of the accelerograms is 
longer than this. 

Regarding the required number (which should be enough to provide a stable statistical 
measure of the response) and amplitude of records to be used in the response-history analysis, 
the following rules are given in Eurocode 8: 
� A minimum of 3 records is required (if less than 7 records are used, the most critical 

response should be considered for design) 
� The mean of Spa(T=0) values should not be smaller than the design �g 3S for the site (i.e. the 

mean spectrum is anchored to the design PGA, or a higher value) 
� Along the flat part (plateau) of the spectrum the average of the values of the mean spectrum 

of the artificial accelerograms should not be smaller than 2.5�g 3S 
� No value of the mean spectrum should be more than 10% lower than the corresponding 

value of the elastic response spectrum specified in the code. 

Step 2: Structural analysis – determination of action effects  
The type of analysis that can be used depends on two key criteria: The regularity (in plan 

and/or elevation) of the structural system and the fundamental period T1; if T1 exceeds the 
lesser of 2.0s or 4TC, where TC is the ‘corner’ period in the design spectrum (end of plateau in 
Fig. 1), static analysis is not allowed. The effect of regularity on analysis method is given in 
Table 1. Eurocode 8 provides several regularity criteria for buildings in §4.2.3. 

The elastic structural model of the building is set up following commonly accepted practice 
that needs not be repeated herein. However, it is noted that in concrete buildings, composite 
steel-concrete buildings and masonry buildings, the stiffness of the load bearing elements 
should be evaluated taking into account the effect of cracking and correspond (in reinforced  
members) to the initiation of yielding of the reinforcement (secant stiffness at yield). EC8 
allows the simplifying assumption that flexural and shear stiffness properties of concrete and 
masonry elements may be taken to be equal to one-half of the corresponding stiffness of the 
uncracked elements (EIefC0.5EIg, where EIg is the rigidity calculated on the basis of gross 
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sections properties). It is noted that since the same reduction is allowed for both vertical 
members (columns) and horizontal ones (beams), this assumption ignores the effect of axial 
loading on the cracked stiffness. In the writer’s opinion this is a step backwards, since 
previously existing codes (e.g. see [11]) recognised the effect of compressive axial loading on 
increasing EIef in reinforced concrete structures. Information is currently available [3] for 
estimating the secant stiffness at yield of several types of reinforced concrete members as a 
function of axial loading and reinforcement ratio. 

Table 1 – Consequences of structural regularity on seismic analysis and design 
          Regularity     Allowed Simplification Behaviour factor 
Plan Elevation Model Analysis  
Yes 
Yes 
No 
No 

Yes 
No 
Yes 
No 

Planar 
Planar 
Spatial 

Spatial 

Lateral force
(Multi-)modal 
Lateral force 
(Multi-)modal 

Reference value 
Decreased value 
Reference value 
Decreased value 

 
In addition to the loads resulting from distributing the base shear along the height of the 

building in static analysis (following the fundamental mode shape, usually approximated by the 
familiar ‘inverted triangular’ distribution) or the modal loads in dynamic analysis, additional 
member forces resulting from accidental torsion (to account for uncertainties in the location of 
masses and in the spatial variation of the seismic motion) should be accounted for. To this 
effect, an accidental eccentricity 

eai = ±0.05 · Li                      (3) 
where Li is the floor-dimension perpendicular to the direction of the seismic action, has to be 
considered in analysis by displacing the calculated centre of mass at each floor i from its 
nominal location, in each direction (four different locations).  

In determining the design ‘action effects’ (the Eurocode term for member forces), the most 
unfavourable load combinations (seismic load superimposed to service gravity loading) should 
be considered. The four different locations of the mass centre (cf. eq. 3) plus the requirement to 
consider all possible combinations of seismic actions in two directions (EEdx, EEdy), i.e. 

EEdx "+" 0.30EEdy                       (4a) 
and 
0.30EEdx "+" EEdy                       (4b) 

where "+" implies "to be combined with'', result in a total of (up to) 32 different sets of biaxial 
moments and axial loads (Mx, My, N) in columns, and it is not feasible to automatically identify 
which is the critical set. Hence, 32 different designs of each column have to be carried out, 
which does not only increase the cost of analysis but also reduces the control of the designer 
over the analysis results. 

Things become even more complicated when the vertical component of the earthquake has 
to be taken into account, which is the case when avg is greater than 0.25g and the building 
includes horizontal members with large spans, or prestressed members, or beams supporting 
columns, or when the building is seismically isolated. In these cases the vertical action effect 
EEdz has to be superimposed (at full value or at 30%) in the combinations of equations 4.  
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In addition to member forces, displacements (typically interstorey drifts, in buildings) have 
also to be derived from analysis. In linear elastic analysis, design displacements ds can be 
estimated from the displacements de derived from the analysis involving the q-factor as  

ds = qd de                       (5) 
where qd is the displacement behaviour factor, generally assumed equal to q (qd>q if the 
fundamental period of the structure is less than the corner period TC, but this is usually ignored, 
for simplicity). Equation (5) expresses the well-known equal displacement approximation i.e. 
that elastic and inelastic displacements are approximately the same, which is reasonable when 
the fundamental period T1>TC.  

Space does not permit a detailed presentation of the nonlinear (static and dynamic) analysis 
procedures adopted by EC8. The following can be considered as important aspects: 
� For the first time in a European code, nonlinear static (pushover) analysis is treated in a 

rather comprehensive way, in fact, in more detail than nonlinear dynamic analysis. This is 
undoubtedly a reflection of the popularity this method has gained following the publication 
(and worldwide dissemination) of documents like FEMA 273 [12]. 
� Among the different procedures available for estimating the displacement demand in 

pushover analysis, EC8 has adopted the capacity spectrum method based on inelastic demand 
spectra [13]. The method is described in the (informative) Annex B of the Code.  The 
difference of this approach from the traditional capacity spectrum method [14] is the use of 
(simplified) inelastic spectra in lieu of highly-damped elastic response spectra. 
� EC8 permits the use of pushover analysis to estimate the overstrength ratio (^u/^1), 

where ^1 is the seismic action at first yield and ^u the seismic action at development of overall 
structural instability (collapse mechanism). This ratio can be used to increase the design q-
factor if an elastic analysis is subsequently used. 
� With respect to nonlinear dynamic (response-history) analysis, detailed guidance is 

provided for the selection and scaling of accelerograms (see last paragraph of section 2.1), but 
little is said regarding the models and methods to be used for inelastic response-history 
analysis. It is important to note here that although EC8 (and other codes) permit the use of 3 
(pairs of) records, generally it is not a good design practice to use this small number, as in this 
case the most critical response has to be considered for design (highest action effects resulting 
from any record). Instead, a minimum of 7 records is recommended, in which case average 
response quantities can be used. 

Finally, it should be noted that Eurocode 8 contains rather detailed provisions for the 
analysis and design of non-structural elements (appendages) of buildings (§4.3.5) and also for 
masonry infills in framed structures (§4.3.6), which are long recognised to have a noticeable 
influence on the earthquake response of buildings [11]. Again, due to space limitations, these 
parts of the Code will not be presented herein. 

Step 3: Local and global safety verifications  
It was noted in Section 2.1 that the objectives of EC8 are to protect human lives and 

minimise damage to the building. The verifications (checks) that are carried out (§4.4) to 
ensure that these objectives are met include both global and local response quantities. 

The no-collapse requirement (ultimate limit state) is verified by the following checks: 
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� Resistance (strength) of structural elements: This is checked in the usual way, using 
primarily information from the pertinent material codes (Eurocode 2 for concrete, Eurocode 3 
for steel, Eurocode 6 for masonry, and so on).  
� Second-order (P-�) effects: Lateral stability needs not be checked if the drift sensitivity 

coefficient ` satisfies (in all storeys) the inequality 

100,�
3
3

hV
dP

=
tot

rtotE                     (6) 

where Ptot is the total gravity load at and above the storey, Vtot the total seismic storey shear, 
and dr/h the design interstorey drift ratio. If 0.1 < ` { 0.2, seismic action effects are multiplied 
by a factor equal to 1/(1 – `), while for ` >0.3 the stiffness of the building should be increased. 
The Code does not prescribe what should be done for 0.2 < ` { 0.3. Apparently, a proper P-� 
analysis should be carried out, which is within the capability of existing software packages.  
� Global and local ductility: It is verified that both the structural elements and the 

structure as a whole possess adequate ductility. Global ductility is ensured primarily by 
checking that a favourable plastic mechanism will form in the building when it is subjected to 
the design seismic actions. The key provision for buildings is the capacity design of frames, i.e. 
designing their members so that the strength of the columns exceeds by a sufficient margin the 
strength of beams at any beam-column joint 

/ /� RbRc MM 31,                    (7) 

which ensures that plastic hinges will form at the beams, rather than at the columns (a detailed 
discussion of the reasons why this is a favourable mechanism can be found in the literature 
(e.g. [11]). Equation (7) needs not be satisfied in buildings where structural walls (coupled or 
uncoupled) at the building base resist more than 50% of shear forces in the seismic design 
situation. The top storey of multistorey frame systems and single-storey buildings are also 
excluded, since column hinging is not so critical in this case (small axial loads). 

Capacity design rules to avoid brittle failure modes are included in the material-specific 
sections of EC8. A typical case is the design of reinforced concrete members for shear, wherein 
the highest possible value of shear is determined by assuming simultaneous plastic hinging at 
both member ends.  

Finally, local ductility in potential plastic hinge regions is also ensured, mainly by the 
detailing provisions (cf. Step 4) for members, given in the material-specific sections. 
� Equilibrium condition: Buildings (in particular their foundations) should be checked 

against loss of equilibrium, i.e. against overturning or sliding. No details are given in EC8-Part 
1, hence recourse has to be made to Part 5 of the Code [5] that includes specific provisions for 
checking the stability of shallow and embedded foundations (§5.4.1 of EN1998-5). 
� Other verifications: There are some additional verifications involving the horizontal 

diaphragms, the foundations, and the seismic joints. Due to space limitations, these important 
verifications will not be described herein.  

The damage limitation requirement (serviceability limit state) is verified for a seismic 
action having a lower probability of exceedance than that used for the no-collapse verifications 
(return period of 95yr. compared to 475yr.) by limiting the interstorey drift as follows: 
� For buildings having non-structural elements of brittle materials attached to the 

structure, the design drift ratio �3dr/h should not exceed 0.005 (� is the reduction factor which 
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takes into account the lower return period of the seismic action associated with damage 
limitation). Recommended values of � are 0.4 for buildings of importance classes III and IV 
(high and vital importance) and � = 0.5 for classes I and II (minor and usual importance). 
� For buildings having non-structural elements fixed in a way so as not to interfere with 

structural deformations, or without non-structural elements, the previous drift ratio should not 
exceed 0.010. 

Step 4: Detailing of members  
Structural members whose strength was determined in Step 4 have to be detailed in such a 

way that they meet the local ductility requirements consistent with the ductility class for which 
the building was designed (see Step 1). An interesting feature in EC8 is that it includes 
quantitative relationships (equations 8) between the global ductility factor that is identical to 
the basic value of the behaviour factor (q0), i.e. the one dependent on ductility only, and the 
(local) curvature ductility factor ({�) in the critical section.  

{� = 2qo - 1     for T1�TC                 (8a) 

{� = 1 + 2(qo - 1)TC/T1  for T1<TC                 (8b) 
The material-specific sections of the Code provide relationships that relate {� to detailing, a 

typical example being the equations for required confinement reinforcement in reinforced 
concrete members. A detailed presentation of the material-specific provisions of EC8 is clearly 
beyond the scope of this paper. 

3 PERFORMANCE-BASED DESIGN PROCEDURES 
Performance-based design can be thought of as an explicit design for more than one limit 

state (or performance objective, in US terminology). Analysing structures for various levels of 
earthquake intensity and checking some local and/or global criteria for each level has been a 
popular academic exercise for the last couple of decades, but the crucial development that 
occurred in the late 1990’s [13] was the recognition of the necessity for such procedures by a 
number of practising engineers influential in code drafting. In the US, following a number of 
earthquakes that occurred at that time, particularly the 1994 Northridge earthquake, it was 
realised that whereas structures built in industrialised countries aware of the seismic risk are in 
general adequately safe, the cost of damage inflicted in these structures by earthquakes, as well 
as the indirect cost resulting from business interruption, need for relocation, etc., can be 
difficult to tolerate. This pointed to the need to address the problem of designing a structure for 
multiple performance objectives, recently referred to as performance-based design (PBD) [14]. 

3.1  OVERVIEW OF PBD METHODS 

Performance (which is another way to express what was known as limit state in Europe 
since the 1970’s) can be monitored in a number of ways, but it is clear that parameters that are 
directly related to damage [16], such as member deformation or interstorey drift, are preferred 
choices. For a number of reasons, the best-known procedure that falls within this category is 
the so-called displacement-based design (DBD), whose roots can be traced in a paper by 
Moehle [17], but its full development and extensive calibration were carried out by Priestley 
and co-workers [18-21] who recently produced an entire book [3] describing all aspects of the 
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methodology (for both buildings and bridges). A number of different displacement-based 
methods are described in a comprehensive state-of-the-art report by the fib Task Group on 
Displacement-based Design and Assessment [22]. An interesting categorisation is made 
therein, assigning the various proposals to three categories, namely: 

– Deformation-Calculation Based (DCB),  
– Iterative Deformation-Specification Based (IDSB), and  
– Direct Deformation-Specification Based (DDSB). 

The first category of methods (DCB) involves calculation of the expected maximum 
displacement for an already designed structural system. Detailing is then provided such that the 
displacement capacity of the building and its components exceeds the calculated maximum 
displacement. The second category, IDSB methods, is similar to the DCB in that they involve 
analysis of an already designed system to evaluate the expected maximum displacement. 
However, unlike the DCB methods, a target displacement is selected and, as a result, changes 
are made to the structural system such that the calculated displacements are kept below the 
specified limit; hence the iterative nature of the process. The last category (DDSB) includes the 
aforementioned method developed by Priestley and Kowalsky and utilizes as a starting point a 
pre-defined target displacement. The design of the structure then progresses in a direct manner 
whereby the end result is the required strength, and hence stiffness, to reach the target 
displacement under the design level earthquake. 

Table 2 – Categories and examples of displacement-based methods 
 Deformation-

Calculation Based 
(DCB) 

Iterative 
Deformation-
Specification Based 
(IDSB) 

Direct Deformation-
Specification Based 
(DDSB) 

Response Spectra: 
Initial Stiffness 
Based 

Moehle [17]
FEMA [12] 
UBC [5] 
Panagiotakos [35] 
Albanesi [43] 
Fajfar [13] 

Browning [45] SEAOC [23] 
Aschheim [44] 
Chopra [28] 

Response Spectra: 
Secant Stiffness 
Based 

Freeman [47] 
ATC [14] 
Paret [49] 
Chopra [46] 

Gulkan [48] 
 

Kowalsky [19] 
SEAOC [23] 
Priestley [20] 

Direct Integration: 
Time-History 
Analysis Based 

Kappos [32] N/A N/A 

 
Another way to classify methods is with respect to the earthquake input and the type of 

analysis used. Hence, the input may consist of either the well-known acceleration response 
spectrum of current codes (see section 2.2), or a displacement spectrum (a key component of 
direct DBD methods), or a suite of ground motions (accelerograms). Analysis can be 
(equivalent) static, or dynamic modal, or response-history (‘time-history’). Table 2 [22] lists 
the PBD methods available at the turn of the century. Note that in the first column of the paper 
an additional criterion is mentioned, i.e. whether initial or secant stiffness of the members is 
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used in the analysis. This important issue will be discussed later on in the context of the 
methods that will be reviewed. 

As will be shown in the following, displacement, and in particular interstorey drift in 
buildings, albeit valuable as a damage parameter (hence appropriate for PBD) is not always 
fully adequate for practical design. Structures such as dual frame-wall systems which are the 
prevalent structural system used for mid-rise and high-rise reinforced concrete buildings, are 
often not sensitive to drift, while in a number of actual buildings ensuring that a target 
interstorey drift develops during the design earthquake does not necessarily mean that 
deformations of the individual members are also equal (or even close) to the values envisaged 
by design. For these and other reasons, adoption of DBD methods by practising engineers is 
still far from a reality, and attempts to include such methods as an alternative procedure in 
design codes are accompanied by requirements for verification of the design resulting from 
DBD through nonlinear analysis [23]. This is, of course, a rigorous way to design a structure, 
but also a very time-consuming one if realistic multistorey and/or extensive in-plan buildings 
are involved. A recent attempt to develop a method based directly on both displacement and 
member deformation is that by Kappos et al. [4, 24]. As will be shown in Section 3.3, this 
method that evolved from a DCB procedure to a direct deformation-based one ensures that 
ductility requirements in the individual members (rather than storey drift only) are reasonably 
close to those targeted by design. In the writer’s opinion these two methods (Priestley et al. and 
Kappos et al.) represent two viable alternatives to the currently used code procedures, and 
deserve some attention, hence they will be critically presented and reviewed in the following 
two sections. 

3.2  THE DIRECT DISPLACEMENT-BASED DESIGN PROCEDURE 

As said earlier on, the method has recently been the subject of an entire book [3], hence 
only a critical summary will be given herein in a format similar to that used for other methods 
addressed in this paper. The focus in the presentation of this (and other) methods will be on 
critically identifying its advantages as well as its weaknesses and limitations. It should be noted 
that the method presented in the following is that by Priestley et al. [19-21] and not the 
somewhat simplified version of the method included as an Appendix in the SEAOC 1999 
document [23]. It should be recalled, though, that (unlike Priestley et al.) SEAOC explicitly 
requires a verification of the initial DB design through nonlinear static (pushover) analysis. 

Step 1: Estimation of Target Displacement Pattern and Equivalent SDOF System 
A key feature of displacement-based procedures is the definition of the target displacement 

of the structure to be designed. Unlike current code procedures wherein not only the overall 
geometry of the building but also the member stiffnesses have to be fully defined prior to the 
definition of the design seismic action, in direct DBD only the overall geometry and the 
structural system of the building are selected, while the stiffness of the constituent members 
(beams, columns, and walls, if present) will be defined at a later stage with a view to 
correspond to the selected target displacement. The procedure commonly adopted in DBD 
methods is to transform the actual (model of the) building into an equivalent single-degree-of-
freedom (SDOF) system (Fig. 2a), an idea that is by no means new. Originally, it can be found 
in the book by Biggs [25], while most of the subsequent structural dynamics textbooks present 
the topic of a ‘generalised SDOF system’ based on an assumed displaced shape (e.g. the 
fundamental mode shape) of the corresponding MDOF system. The shape to be used for the 
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SDOF system in DBD should be as close as possible to the prevailing mode shape of the 
building in the direction considered, dully accounting for inelasticity effects, since the method 
relies on developing ductile behaviour of members. Priestley and Kowalsky [21] have studied 
the displacement profiles of typical structural systems and suggested standard shapes that can 
be used in defining the equivalent SDOF, as described in the following. These are valuable 
proposals, but one should keep in mind that using them in actual three-dimensional buildings 
(particularly asymmetric ones) is far from straightforward, while good results are not always 
guaranteed. The developers of the method recognise this, but argue that final results are not 
particularly sensitive to the accuracy of the assumed displacement pattern. The alternative to 
using the SDOF approach is, clearly, to use inelastic analysis (see next section), something 
that, in the writer’s opinion, is not beyond the realm of design practice anymore. 

The equivalent SDOF design displacement is a function of the target displacement profile 
for the building. For buildings with structural system consisting of frames, the target displace-
ment profile (�i) as a function of number of stories, n, building height hn, distance of storey i 
from the base hi, and target interstorey drift ratio, `d is given by the following relationships  

for n < 4: |i = `d hi                                 (9a) 

4 < n < 20: 
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n � 20 |i = `d hi (1 – 0.5 hi / hn)                            (9c) 
Values for `d can be obtained from limitations on member ductility, or from code-specified 

drift limits.  
For structural walls, the target displacement profile is given by 



�

�
�
�
�

�
�


�

�
�
�
�

�
��


�

�
�
�
�

�
�	�	

22
5.1

2

3
2 p

w

ny

w
y ih

h%
d`

nh
ihih

%pi|ei|i|
�

��
              (10) 

where �y is the strain at yield of the reinforcement, w�  the wall length and p�  the plastic hinge 
length (given from empirical formulae, see [20-22]). 

Dual systems, consisting of walls and frames, represent a major challenge for direct DBD 
since they are more complex than systems consisting of frames or walls (only), hence less 
amenable to being reduced to equivalent SDOF systems. Therefore, it is no surprise that until a 
few years ago [22] they were not covered by the method. Very recently, though, the work of 
Sullivan et al. [26], building on some concepts previously suggested by Paulay [27], has made 
feasible the application of DBD to (at least a class of) dual systems. There are two key 
concepts additional to those presented earlier that need to be introduced for the method to be 
applied to these systems. One is the idea of distributing (more or less arbitrarily) the base shear 
(in a certain direction of the structure) between the frames and the walls, a concept put forward 
in [27] that, on one hand, gives freedom to the designer and, on the other hand, creates 
ambiguity to less-experienced designers and/or to engineers that have to check and approve 
such a design project. The other concept is that of defining the inflection (or contraflexure) 
point in each wall at an early stage (i.e. prior to carrying out the structural analysis of the 
system) on the basis of hand calculations involving several simplifying assumptions regarding 
geometry, and storey force and moment distribution along the height of the wall under conside-
ration and the frame(s) to which it is connected [26, 3]. This is a cumbersome procedure, 
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hardly feasible in realistic 3D buildings with different beam spans and depths in different parts 
even of the same storey. The effective height to the inflection point (hinf) is a key parameter in 
defining the displacement quantities required for the walls of the system. Hence, the yield 
displacement for wall i (extending a height hi above the base) can be estimated [26] in terms of 
the yield curvature in the wall (HyW) from  

infh
hh iyWiyW

iy 62
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                  (11) 

for hi<hinf (an analogous expression holds for hi�hinf). The design displacement profile for the 
dual system is then given by 
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Figure 2 – Key aspects of the DBD procedure [11] 

Having established an appropriate displacement profile, the target displacement for the 
equivalent SDOF system is obtained (in all cases) from  
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which considers equivalence in work between the MDOF and the SDOF system. 
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The effective mass, me, of the SDOF system represents the first inelastic mode participating 
mass and is obtained from 

� � dii
n

i
e ||mm /

1	
/	                            (14) 

Typically, me is about 70% of the total building mass. 

Step 2: Estimation of Effective Damping of SDOF System 
Another key feature of the DBD method is that the design displacement spectra are not 

inelastic spectra, but rather elastic spectra for viscous damping ratios consistent with the 
expected level of inelasticity, in other words hysteretic damping (resulting from inelastic 
response at the plastic hinges) is expressed as equivalent viscous damping. This is also a long-
established practice, especially in seismic isolation design. It is beyond the scope of this paper 
to discuss advantages and disadvantages of using over-damped elastic spectra in lieu of 
inelastic spectra. It is simply noted that Chopra and Goel [28] have suggested a DBD method, 
similar to that by Priestley et al. [20-21] but involving inelastic spectra and also introducing 
acceptable member plastic rotation directly as a design parameter.  

The effective damping, }e,  can  be obtained as a function of the ductility requirement |d/|y, 
where |d is taken from Step 1 and |y is the system displacement at yield (Fig. 2b) which, at 
this stage, can only be estimated from empirical relationships, for instance, for reinforced 
concrete frame systems 
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where b�  and hb are the span and depth of the beam, and the rest of the symbols are as defined 
previously. Clearly, in the usual case of frames with unequal beam spans and depths, some 
average value has to be introduced in (15) and this is a typical indication of the difficulties 
involved in estimating global response quantities of buildings (that depend on a large number 
of parameters) from only a few selected quantities. Note also that in a realistic 3D building 
design displacements |d, |y have to be estimated for at least two mutually orthogonal axes of 
the building (provided, of course, that such axes can be appropriately defined). Furthermore, if 
walls of unequal length are included in the system (also a very common case in practical 
design) |y, which can be estimated from 
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can differ substantially in each wall.  In this case Priestley et al. [20-21] recommend weighing 
damping in proportion to the force resisted by each wall, i.e. 
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For walls of equal height and thickness (and length jw� ), Eq. 17a can be expressed as 
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For dual systems, the yield displacement for walls is calculated from (11) for hi=hinf and is 
used to estimate the ductility of wall i ({W,i=|d/|y,inf), while the ductility in frame i is estimated 
from the estimated yield drift `y,F (cf. eq. 15) using the approximate relationship  
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and is generally different from {W,i. Hence, the equivalent viscous damping ratios for each 
frame and wall are generally different, and they should be weighted in an appropriate way in 
order to derive the system damping }sys for the equivalent SDOF system. Weighting according 
to the fraction of the overturning moment carried by each component is suggested in [26, 3]. 
Again, this is a cumbersome procedure, hardly feasible in realistic 3D buildings, particularly if 
period-dependent }e – { relationships are to be used, as suggested in [26]. 

Typical }e curves as functions of ductility only are given in Fig. 2c for different types of 
structural systems [20]. Note that substantially lower }e values are recommended in the recent 
book by Priestley et al. [3], based on recent research by the group. The systems mentioned in 
Fig. 2c are supposed to be the parts of the actual system that dissipate the earthquake energy 
(through plastic hinging), hence in the common case that different sub-systems are involved in 
energy dissipation, some averaging is again required (cf. the procedure suggested previously 
for dual systems). 

Step 3: Calculate Design Base Shear 
With the design displacement |d determined (Step 1) and the damping estimated from the 

expected ductility demand (Step 2), the effective period Te at maximum displacement response 
can be read from a set of design displacement spectra (Fig. 2d). Representing the structure as 
an equivalent SDOF oscillator, the effective stiffness Ke at maximum response displacement 
can be found by inverting the equation for natural period of a SDOF oscillator, i.e. 
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where me is the effective mass. 
The design base shear at maximum response is then derived on the basis of Fig. 2b 

(assuming for simplicity Fn=Fu=Vb, i.e. approximating the bilinear F-| diagram as elastic-
perfectly-plastic one) 

deb KV �	                                 (21) 

This is the core of the DBD approach and its key difference from the (‘force-based’) Code 
procedure, since the stiffness of the structure is not defined a-priori, but is determined during 
the design process in such a way that a target displacement (which is the initially selected 
design variable) is reached. There are several problems associated with this crucial stage (Step 
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3), for instance, the appropriate displacement spectrum to be used, and the characteristics of the 
selected structural system that could render it not controlled by drift (which is not the same as 
saying that it is not sensitive to seismic damage, e.g. extensive yielding of some regions). As 
will become clear from the case studies in Section 4, the DBD approach is a promising 
procedure for drift-controlled structural systems, a typical example being frames (and under 
certain conditions wall systems without strong frames) situated in seismically active zones. The 
writer (among several others) believes that DBD is generally a poor choice for inherently very 
stiff systems (such as dual systems with large and/or numerous reinforced concrete walls), and 
for all structural systems if they are situated in the zones with relatively low (or even 
‘moderate’) seismic activity. In the latter case, it is quite common to find that target 
displacements selected on the basis of typical drift values (say, 2% to 3%) are well above the 
horizontal plateau of the displacement spectra of Fig. 2d, hence DBD cannot be applied unless 
the target displacement is lowered by adopting conservative drift limits. 

Step 4: Lateral Force Analysis 
The base shear derived in Step 3 can be distributed along the height of the building, for 

structural analysis to be performed; a distribution based on the displacement profile |i is used  
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It is important to recognise that since the outcome of the previous steps is a base shear 
(generally different in each direction of a 3D building), only a static analysis can be subse-
quently carried out. Clearly, higher-mode effects (e.g. in tall buildings) cannot be properly 
captured unless more sophisticated distributions than that suggested by eq. (22) are used. In the 
recent book by Priestley et al. [3], the well-known code distribution with 10% of Vb acting at 
the top of the building is proposed, but it is clear that such simplified distributions cannot 
always provide the same result as a proper dynamic (modal) analysis.  

In order to determine the design moments at potential plastic hinge locations, the lateral 
force analysis of the structure under the forces resulting from the aforementioned distribution 
should be based on member stiffnesses representative of conditions at maximum displacement 
response. This is an essential component of the substitute structure approach [29], which forms 
the theoretical basis of the DBD procedure adopting the secant stiffness (Fig. 2b). For 
cantilever wall buildings, this can be simplified to distribution of the forces between walls in 
proportion to 2

w� , and the walls separately analysed. 
For frame buildings, the member stiffness should reflect the effective stiffness at maximum 

response, rather than the elastic cracked-section stiffness Icr (or stiffness at first yield) usually 
adopted for force-based analysis. With a weak beam – strong column design, beam members 
will be subjected to inelastic actions, and the appropriate stiffness will be  

Ib = Icr / {b                                 (23) 
where {b is the expected beam displacement ductility demand.  Analyses have shown [22] that 
member forces are not particularly sensitive to the level of stiffness assumed, and thus it is 
acceptable to assume {b = {s, the frame design ductility. 

Since the columns will be protected against inelastic action by capacity design procedures, 
their stiffness should be Icr, with no reduction for ductility. An exception exists for the ground 
floor column, where plastic hinges will normally be expected at the base level, but not at first 
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floor level.  Priestley and Kowalsky [21-22] suggest an ad-hoc procedure for dealing with such 
columns, based on introducing a hinge at the base of the column and pre-selecting the point of 
contraflexure at 60% the column height above the base.  

Step 5: Design of Structural Members 
Based on the results of the lateral force analysis, design of structural members can be 

carried out in such a way that they obtain a strength consistent with the demand from the lateral 
force analysis at the chosen design limit state, in a fashion similar to the familiar procedure 
used in current codes. For instance, in reinforced concrete buildings, flexural reinforcement for 
the structural members is proportioned at this stage. If displacement-based design is performed 
at the life-safety limit state, then reinforcement is proportioned such that the ultimate flexural 
capacity of plastic hinges equals the moment demands from the lateral force analysis. 
Conversely, if design is performed at the yield limit state, then reinforcement is proportioned 
such that the yield moment capacity of the plastic hinges equals the moment demand from the 
lateral force analysis. It should be pointed out, though, that commonly available design aids 
(tables, charts) provide only factored flexural capacities based on (conservative) values of 
strain in the reinforcement and concrete. Hence, differentiating between yield moment and 
actual flexural capacity of plastic hinges in the design requires developing new design aids. In 
the book by Priestley et al. [3], moment – curvature (M – H) analysis is suggested in lieu of 
design aids. One should recall, though, that M – H analysis can only be carried out if section 
reinforcement is known, hence iteration is necessary for designing a section.  

 
Step 6: Detailing of Structural Members 
Based on the limit state under consideration, plastic hinges are detailed to sustain the 

required deformation demand, which was specified at the beginning of the procedure (Step 1). 
Capacity design principles are employed to ensure that the chosen mechanism can be 
developed (e.g. strong column – weak beam). This step is important, but both material-
dependent and similar to that used by modern codes, and will not be further dealt with herein. 

3.3  THE DIRECT DEFORMATION-BASED DESIGN PROCEDURE 

This is a performance-based procedure intended for realistic 3D buildings and involving a 
number of features that, although not outside the conceptual framework of modern codes, do 
not constitute part of the current design practice either. Given the intended scope of the method 
and since advanced analysis tools like inelastic (response-history or pushover) analysis are 
involved, the method is inevitably more demanding than other PBD methods. Nevertheless, it 
can be implemented using currently available commercial software and does not require 
intermediate analyses by hand of partial models of the structure. As will be explained later, 
there is only one step that has to be carried out externally using a standard spreadsheet 
program. It should be noted that previous comparative studies [30] by the developers of the 
direct DBD method described in Section 3.2 have indicated that response-history based 
methods are better suited to irregular structural systems, wherein the DBD procedure has to 
deal with the problems discussed in the previous section. 

In the earlier versions of the deformation-based method by Kappos and co-workers [31-33], 
reinforced concrete structural members were designed according to the inelastic performance 
expected for every limit state examined (serviceability, life safety, collapse prevention). A 
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basic level of strength (beams, ground storey columns) was established in the structure on the 
basis of serviceability requirements. Then a partially inelastic model was set up (plastic hinges 
allowed to form at pre-determined locations only), inelastic static or dynamic analyses were 
performed and the longitudinal reinforcement of columns was estimated on the basis of these 
results for input motions scaled to correspond to the life safety limit state. Finally, design for 
shear and detailing of members were carried out on the basis of the collapse prevention limit 
state, but without additional inelastic analyses (the previously existing results were appropri-
ately extrapolated). 

In that design method, inelastic deformations were included as a design verification and not 
as a design parameter (Deformation-Calculation Based Method, see Section 3.1). To overcome 
this weakness, Kappos and Stefanidou [4] sought a direct deformation-based design method, 
maintaining the key features of the aforementioned performance-based procedure. The steps 
involved in this method are described in the following. More detail can be found in [4]. 

Step 1. Flexural design of plastic hinge zones based on serviceability criteria 
The purpose of this step is the establishment of a basic level of strength in the structure that 

would ensure that the structure remains serviceable (immediate occupancy requirement in 
FEMA 273 [12] and ASCE Standard 41-07 [34]) after an earthquake having a high probability 
of exceedance (usually taken as 50%/50yrs). The verifications include specific limits for 
member ductility factors and plastic hinge rotations of critical members (see Step 4) and the 
corresponding demands are estimated from inelastic analysis of a reduced inelastic model of 
the structure (described in Step 3). Hence, an initial analysis is required, which would provide 
the strength of the members (energy dissipation zones) that will respond inelastically during 
the serviceability verification. This analysis constitutes Step 1 of the method and is a vital part 
of the direct deformation-based procedure. 

The design of selected dissipation zones, like the beam ends and the bases of ground storey 
columns, is carried out using conventional elastic analysis (modal response spectrum, or 
equivalent static, analysis, depending on the structural system). The strength of these zones is 
estimated taking into consideration the range within which the inelastic deformations should 
fall, which corresponds to the degree of damage allowed for the selected performance level 
(more specifically the allowable rotational ductility factor). The procedure described in the 
following leads to reaching the permissible values of inelastic deformations (expressed through 
ductility factors) since the latter are directly related to the reduction of element forces 
corresponding to elastic behaviour. This is a critical feature, not included in previous versions 
of the method [31-33], that simply included a serviceability check, the result of which typically 
was that most members either remained elastic or were well below the allowable deformation 
limits [33]. The design procedure described here aims at the development of the selected 
inelastic deformations in the structural members, directly using rotational ductility factor ({`) 
as a design parameter. It is noted that use of curvature ductility factor ({*), plastic hinge 
rotations and/or strain values for materials, is also feasible.  

To reach the aforementioned goal, element forces and rotations are first obtained from the 
results of an elastic analysis. If cross-section design is carried out in terms of design values (fcd 
and fyd for concrete and steel respectively) using commonly available design aids, while the 
serviceability checks are based on the results of inelastic analysis, for which mean values are 
commonly adopted (fcm and fym), then the initial elastic analysis should be carried out for an 
appropriate fraction vo (recommended vo is equal to 2/3 for usual serviceability requirements) 
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of the earthquake level associated with the serviceability performance level (50%/50yrs), to 
reconcile the different assumptions made in each analysis. Alternatively, one could select to 
use design values of yield moments in the inelastic analysis (a practice not adopted by current 
codes), in which case a different vo factor should be used. It is worth noting that this problem is 
by no means specific to the proposed method. Modern codes like Eurocode 8 [1] adopt both 
elastic and inelastic analysis methods and recommend use of design values for strength 
verifications and of mean values for displacement or deformation verifications. 

Subsequently, elastic rotations (`el) are related to the corresponding inelastic ones (`inel), 
using an empirical procedure, like that proposed by Panagiotakos & Fardis [35]. The use of 
empirical factors to estimate `inel is an inherent limitation of the proposed procedure, since 
otherwise ductility factors cannot be estimated at this stage. Referring to Figure 3, having 
defined the target rotational ductility factor ({`) and the maximum inelastic rotation, `inel (this 
is the total chord rotation, not the plastic one) from the `el found in the elastic analysis, the 
yield rotation (`y = �inel/{�) is calculated for every structural member. For simplicity of the 
procedure one could first assume elastic-perfectly plastic M-`  response (as in Fig. 3) and 
second that the slope of the elastic and the elastoplastic M-` diagram is the same. Then the 
corresponding yield moment (My) can be easily computed as the intersection of the elastic part 
of the diagram and the vertical line drawn at `y, as shown in Fig. 3. This is the element force to 
be used for (flexural) design. A more accurate, and somewhat more involved, procedure is 
described in the following. 

�y

�el

�inel�y �el  
Figure 3 – Elastic and elastoplastic M-` diagram for beams 

Attention should be paid to the fact that an increase in deformation does not come with a 
proportional decrease in design force, i.e. the slope of the first branch in the elastic and the 
elastoplastic diagram is generally different (Fig. 4). The latter derives from the relationship of 
element forces (moments) to rotations (M-`) that is dependent on the loading history (which is 
non-proportional). Moments and rotations due to permanent loading (gravity and reduced live 
loads) are first applied and held constant, and any decrease of the elastic forces (Mel) should 
refer to the seismic loading that is applied after the permanent one. Hence, the yield moment 
should be  

My = Mg + aME                      (24) 
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and since the M-` relationship for seismic loading is linear for elastic behaviour, the reduction 
factor a is the same for moments and rotations. Knowing the moments developing due to 
permanent loads (Mg), the values of reduced element forces for design aME can then be 
determined. As the value of the yield rotation `y is already known, as well as the elastic 
rotations due to seismic loading (`�), the value of the reduction factor can be estimated from 
the following relationship (based on the geometry of Fig. 4):  

elE

gy

`
``

^
,

�
	                              (25) 

 
Figure 4  – Definition of the correct slope of M- `inel diagram and of  a`� 

The differences in the yield moments resulting from the accurate procedure from those 
from the simplified one are not large (less than 10% on the average, but in some instances they 
are higher, especially for the positive My). 

Using the aforementioned procedure, the reduced design forces are computed for every 
beam element and are directly related to the target rotational ductility selected for the service-
ability performance level. The longitudinal reinforcement demand for beams is calculated 
using standard flexural design procedures and compared to the minimum requirements 
according to code provisions. In case the longitudinal reinforcement demands are found to be 
less than the minimum requirements, reduction of cross sections is in order, otherwise 
deformations for the considered performance level will be less than the allowable ones. 
Clearly, this stage involves striking a balance between economy and performance. 

Step 2. Selection of seismic actions 
The response-history analyses necessary for seismic design according to the proposed 

method require the definition of appropriately selected input seismic motions. The 
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accelerogram set used for the analysis should include a pair of components for every seismic 
motion and it is recommended that it be selected based on the results of a seismic hazard 
analysis (‘deaggregation’ phase, wherein M and R for the site in consideration are determined). 
Hence, the selected input seismic motions should conform to certain criteria concerning 
magnitude (e.g. Ms=6.0�6.5), and epicentral distance (e.g. R=10�25km), and also peak ground 
acceleration (PGA>�0.1g). 

The earthquake motions used for design should be properly scaled in order to correspond to 
the level associated with the limit state examined (serviceability limit state for the design of 
energy dissipation zones, and life safety for the other members). Several scaling procedures 
have been explored [24] and the one adopted by EC8-Part 2 [36]) is used here, duly tailored to 
the needs of the performance-based design method. Details are given in [24]. 

Step 3. Set-up of the partially inelastic model 
During this step, a partially inelastic model (PIM) of the structure is set up, where the 

beams and the base of ground storey columns (and walls, if present) are modelled as yielding 
elements, with their strength based on the reinforcement calculated for reduced element forces 
according to the inelastic deformations allowed for the serviceability limit state (Step 1). In the 
same model, the remaining columns (and walls) are modelled as elastic members.  

Step 4. Serviceability verifications 
The usage of inelastic dynamic response-history analysis in the PIM involves a set of 

recorded motions scaled to the intensity corresponding to the serviceability level. The 
verifications include specific limits for maximum drifts and plastic hinge rotations of critical 
members. Recommended interstorey drift values range from 0.2% to 0.5% the storey height, 
while permissible plastic hinge rotations vary between 0.001 rad and 0.005 rad for columns and 
about 0.005 rad for beams. The purpose of this step, apart from checking the inelastic 
performance of the structural system, is the verification that the required rotational ductility 
factor ({`) of beams and bases of ground storey columns is consistent with the values 
considered during the design. Hence, this step is basically an assessment (or verification) of the 
seismic response of the structure for the serviceability level. In principle, it can be skipped if 
adequate calibration of the method is carried out in the future.  

Since inelastic dynamic analysis is used in order to check the seismic response of the 
structure for the aforementioned performance level, mean values of material strength are 
considered (fcm and fym for concrete and steel respectively). 

Step 5. Design of longitudinal reinforcement in columns for the ‘life safety’ limit state 
The design of members (such as columns at locations other than the base of the structure) 

considered elastic in setting up the PIM is based on the results of inelastic response-history 
analyses of the aforementioned model for each of the selected sets of input motions properly 
scaled to the intensity of the earthquake associated with the life safety requirement (probability 
of exceedance 10%/50yrs). Simultaneous values of Mx, My, N are considered (biaxial bending 
and axial force), while the design is based on the most critical combinations. Consideration of 
mean values of material strength during the design leads to an overestimation of the 
longitudinal reinforcement of columns [24], especially when 100% of the seismic action is 
applied in both directions (codes allow the 100%X+30%Y assumption, see eq. 4). Since the 
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input to the columns directly depends on the strength of the adjoining beams (designed to form 
plastic hinges) and the latter’s yield moments are based on the mean value of steel strength 
(fym), then design column moments are overestimated by the ratio fym/fyd (equal to 1.26), which 
is deemed as overconservative. The specific performance objective to be satisfied is that for the 
considered seismic action (10%/50yrs) columns should not yield (except at the base), and mean 
values of column yield moments are used for this verification. Hence, the 1.26 factor is 
redundant. Since design for biaxial bending is carried out using commonly available design 
aids (based on fcd, fyd), it is more convenient to use design values of material strength in the 
dynamic analysis of the PIM, as well as in the design of the columns.  

Step 6. Design for shear 
To account for the less ductile nature of this mode of failure (in reinforced concrete 

structures), shear forces should correspond to seismic actions corresponding to the 2%/50yrs 
earthquake (associated with the collapse prevention performance level). However, to simplify 
the design procedure, design and detailing for shear can be carried out using shear forces 
calculated from inelastic response-history analysis for the seismic action associated with the 
life safety performance level, and implicitly relate them to those corresponding to the 2%/50yrs 
earthquake through appropriately selected magnification factors (�v). Recommended �v factors 
[33] for beams and columns are equal to 1.20 and 1.15 respectively, but further calibration is 
possible and desirable. 

Step 7. Detailing for confinement, anchorages and lap splices 
Detailing of all members for confinement, anchorages and lap splices, is carried out with 

due consideration of the level of inelasticity expected in each member. Structural members 
where the development of extended inelastic performance is anticipated (bases of ground 
storey columns or walls), are detailed according to the provisions of EC8 [1] concerning 
ductility class ‘Medium’ (“DCM”), while others where inelastic performance is expected to be 
restricted (columns of upper storeys) are detailed according to the provisions for ductility class 
‘Low’ (“DCL”). 

4 COMPARATIVE CASE-STUDIES 
Two case studies are presented in the following, involving 4-storey and 10-storey 

reinforced concrete (R/C) buildings, designed to different procedures, but for the same 
reference earthquake (same response spectrum). The 4-storey building [37] is designed to the 
direct DBD method described in Section 3.2, the DBD procedure adopted by SEAOC [23] 
(referred to only very briefly in 3.2), and to a current Code procedure (the Greek Seismic Code, 
which is very similar to Eurocode 8). The 10-storey building [4] is designed to the 
deformation-based method described in Section 3.3 (with two alternative selections of member 
geometry) and to the Eurocode 8 provisions (for both DC ‘M’ and DC ‘H’). Both reference 
buildings share two important structural features. First, their lateral-load resisting system 
consists entirely of (moment-resisting) frames, hence they represent cases where displacements 
are normally expected to be an issue. Examples of designs involving walls can be found in [22] 
and [30] for most of the methods included in Table 2, while applications of the direct DBD 
method to dual structures can be found in [26]. Second, the buildings studied are structures 
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with irregularities in plan and/or in elevation. This is the type of structures that challenges most 
the PBD/DBD methods, which involve more design quantities than normal code-type methods, 
some of which are difficult to estimate properly in irregular structures.  

4.1  FOUR-STOREY BUILDING WITH IRREGULARITY IN PLAN  

The configuration of the 4-storey reinforced concrete building is shown in Figure 5. The 
large re-entrant corner automatically classifies the building as irregular in plan according to 
code provisions.  
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Figure 5  – Typical storey plan and member dimensions (in cm) of the 4-storey building 

The building is designed for two ^g values, 0.24g and 0.36g (Zones II and III of the Greek 
Seismic Code), for site conditions B (firm soil). The materials used were C20/25 concrete 
(characteristic cylinder strength fck=20 MPa) and S500s steel (fyk=500 MPa). The following 
alternative design and analysis procedures were implemented: 
� Equivalent static method according to the Greek Code ���2000 (similar to EC8) 
� Dynamic response spectrum method according to ���2000 
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� Direct displacement-based design according to the method of Priestley et al. [3], described 
in Section 3.2 of this paper 

� Direct displacement-based design according to Appendix I-Part B of SEAOC 1999 [23]. 

4.1.1  Discussion of different design aspects  

All analyses were carried out using the commercial software ETABS [38]. In the Code 
design, cracked section stiffnesses were assumed (50%EIg for beams and EIg for columns, as 
per EAK2000). The first three natural periods of the building were found to be �1=1.08 sec, 
�2=0.80 sec, and �3=0.76 sec. 

In applying the SEAOC procedure [23], the building was designed for structural 
performance level 2 (SP2) for an earthquake with return period of 72yr. and for performance 
level 3 for a return period of 475yr. (the same as that used for the Code design). The return 
period of 72yr. results in PGA’s of 0.17 and 0.30g, for 475yr. values of 0.24 and 0.36g, 
respectively, using attenuation relationships from hazard studies in Greece [39]. For frame 
structures, the drifts recommended by SEAOC for SP2 and SP3 are 1.5% and 3%, respectively. 
However, if the Eurocode 8 design spectrum for displacements (Sd) is used (wherein the 
plateau starts at 2sec), the SEAOC recommended drifts result in displacement values that are 
above the plateau values of the spectrum (see also comments on Step 3, in section 3.2). Hence, 
for the DBD to be applied, the SEAOC drifts had to be reduced to 0.75 and 1.30% for SP2, and 
1.40 and 1.85% for SP3, for ^g equal to 0.24g and 0.36g, respectively. Note that for the 
medium seismic hazard Zone II (^g =0.24g), the code-recommended drifts had to be reduced 
by 50% or more, a clear indication of the irrelevance of DBD procedures in low and medium 
seismic hazard zones. To be fair with all methods, one should note that the parameters adopted 
for the design displacement spectrum, in particular the corner period TD (beginning of 
horizontal branch), have a major influence on the feasibility of DBD. If instead of TD=2sec (the 
EC8-adopted value) one assumes TD=4sec (the SEAOC-adopted value), the resulting design 
displacements are much closer to those corresponding to the recommended drifts. 

In applying the Priestley et al. procedure [3, 21], the building was designed for 
serviceability and for damage limitation limit states, for return periods of 92 and 475 yr., 
respectively. The design drifts had again to be reduced in order not to exceed the maximum 
values from the displacement spectra; values of 0.75 and 1.00% for Zone II, and 1.00 and 
1.40% for Zone III (first value in each case is the serviceability value). It is worth noting that in 
this method, due to the difference in the return period adopted for the higher performance level 
(serviceability), the drastic reduction in the recommended value was for the lower performance 
level (damage limitation), for which Priestley et al. recommend a drift of 2.5%. It is also worth 
mentioning that, while for Zone II (0.24g) the critical base shear resulted from the 
serviceability requirement, for Zone III (0.36g) the critical base shear was that from the 
damage limitation limit state. Hence, it is not clear which limit state is the most critical, and 
multiple limit states have to be checked, which is a key feature in PBD. 

4.1.2  Evaluation of different designs  

The ‘economics’ of each design method can be inferred from comparisons such as those 
shown in Fig. 6, where the reinforcement required for flexure (longitudinal bars) is shown for 
the four different designs (the static and dynamic analysis based designs to the EAK Code are 
shown as separate cases). Several interesting trends are revealed from these comparisons. First, 
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that the economy of DBD procedures depends on the seismic zone wherein the design is made; 
for the medium seismicity zone II, both DBD procedures result in more reinforcement than the 
reference Code procedure (the dynamic one, which is required for irregular buildings), whereas 
for the (relatively) high seismicity zone III, the DBD procedures, especially the one by 
Priestley et al., result in less flexural reinforcement than the Code. As anticipated, the Code 
procedure based on static analysis was more conservative than the dynamic analysis based and 
resulted in more reinforcement, regardless of seismic zone. 

 

 
Figure 6  – Required flexural reinforcement for the 4-storey building: Zone II (above) and 

Zone III (below) 

The reliability of each design method can be assessed from inelastic analysis. In this case 
study, the pushover analysis was used for all designs (recall that for the SEAOC design, this is 
a compulsory final step of the method). In this analysis, two different assumptions were used 
for member stiffnesses, one using the conventional values (percentages of EIg) recommended 
by the codes used, and one using the secant stiffness at yield (�y/*y) calculated from detailed 
moment-curvature analysis of all critical sections. Inelastic response of members was modelled 
using the familiar point-hinge model, in the version implemented in ETABS Nonlinear [38]. 
The spectra used for design were also used for estimating target displacements in pushover 
analysis (for each earthquake level considered). Both the FEMA 273 [12] coefficient method 
and the capacity-demand spectra approach [13] were used for calculating target displacement. 

The pushover curves resulting for the designs carried out for exactly the same seismic 
action (spectrum for 475yr. earthquake) and for zone II (0.24g) are shown in Fig. 7. Similar 
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trends were observed for zone III design. A bilinear approximation to each curve is also shown 
in the figure, which also includes target displacements calculated in each case: �t.ser, for the 
serviceability earthquake’ (50%/50yrs.), �t for the damage limitation earthquake (10%/50yrs.), 
�t,coll for the no-collapse earthquake (2%/50yrs.); �t,CSM is the target displacement for the 
10%/50yrs. earthquake, estimated by using the capacity spectra approach. Differences between 
the calculated �t and �t,CSM were less than 15% in all cases. 

 
Figure 7  – Pushover curves for buildings designed to different procedures (zone II, 475yr) 

The first remark regarding the curves in Fig. 7 is that, as expected, the stiffness assumed 
has a substantial effect on the initial stiffness of the building. The stiffest one is the EAK-
designed structure modelled with EIef=0.5�1.0EIg (see section 4.1.1), then the SEAOC 
structure with EIef=0.5EIg, then the SEAOC structure with EIef=My/*y, then the EAK structure 
with EIef=My/*y, and finally the Priestley et al. structure with EIef=My/*y. Clearly, no 
meaningful comparison between methods can be made if different stiffness assumptions are 
adopted in each case. Moreover, the result of the assessment might be different depending on 
the modelling assumptions. For all three designs (EAK, SEAOC, Priestley) when EIef=My/*y is 
assumed, the displacement corresponding to the 10%/50yrs. earthquake (the usual design 
earthquake in current codes) is within the elastic branch of the bilinear curve, hence little 
inelasticity is expected in the building. For the no-collapse earthquake (2%/50yrs.), all designs 
are safe (regardless of stiffness assumption) since all buildings remain well within their 
ductility capacity. Nevertheless, the displacements predicted from pushover analysis for the 
DBD structures are slightly larger than those considered at the design stage. The overstrength 
ratio Vy/Vd was 1.85 or 1.66 for the EAK design (depending on stiffness assumption), 1.58 or 
1.44 for the SEAOC design, and 1.42 for the Priestley et al. design. Hence, for a common 
assumption EIef=My/*y, the Code design is more conservative in terms of strength, which is not 
surprising, while the overstrength in the two versions of the DBD method is very similar. 
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4.1.3  Concluding remarks on DBD versus conventional code methods  

In the writer’s opinion, one of the most important conclusions from this case study (and 
other similar ones) is that one should be very careful when comparing different design 
methods. In all cases, the comparison, especially of the seismic performance of the buildings, 
should be based on similar modelling assumptions. Even the comparison of cost of materials 
(mainly of reinforcement, if R/C structures are addressed) should be properly made. Referring 
again to the charts of Fig. 6, if one considers that the DBD methods are interrelated with static 
analysis procedures, hence they are compared with the static analysis based design of the Code, 
then the DBD methods are more economical. However, the reference method of current codes 
(such as the Eurocode or the Greek EAK2000) is the dynamic one and, indeed, for most of the 
irregular structures (particularly those in medium and high seismicity zones), their use is 
compulsory. Hence, a more appropriate comparison should be between the second chart in Fig. 
6 and the two on its right, in which case Code design appears to be more economical than DBD 
in zone II (medium seismic hazard) and less economical in zone III (high seismic hazard). In 
all cases, though, differences in the cost of reinforcement are not very large, particularly if one 
considers it as a fraction of the total cost of the building (which makes perfect sense in a 
practical design context). 

Clearly, the seismic reliability of each design is a major criterion for judging the appropri-
ateness of each design method. Pushover analysis of all designs in this case study, using 
currently available advanced analysis tools, has shown that the performance requirements in 
each method (checked either explicitly or implicitly during the design) are met by the end 
product. All designs remained essentially within the elastic range for the serviceability-related 
earthquake and all designs were well within their ductility capacities even when subjected to 
about twice the intensity of the design earthquake (2%/50yr event, as opposed to the 
10%/50yrs event explicitly considered in design). Hence, from the safety point of view, there 
does not appear to be any real merit in revising the current code provisions and switching to 
DBD. In fact, it appears that in most cases the overstrength margins (which are a measure of 
the safety of the building against earthquakes substantially stronger than the design one) are 
higher in the current code-designed structures.  

The conclusion is then that any possible advantages of the DBD methods should be traced 
in the direction of economy, i.e. to potentially save material by avoiding overconservatism in 
design. This is a tricky issue, though, and certainly more case studies are required before any 
definite trends are identified. It is worth recalling that in the comprehensive (albeit involving 
academic structures) study by Sullivan et al. [30], there were instances wherein the base shear 
resulting from the DBD method was higher than that resulting from other procedures. 

Finally, a trend which appears to be very clear even at this relatively early stage of 
development, is that any potential use of DBD should be confined to high seismic hazard areas 
(design PGA of about 0.3g or higher), whereas it is almost irrelevant in zones with design 
PGA’s of less than about 0.2g. 

4.2  TEN-STOREY BUILDING WITH IRREGULARITY IN PLAN AND ELEVATION  

The geometry of the ten-storey reinforced concrete building with setbacks at the two upper 
storeys, having a 3D frame structural system is shown in Fig. 8. The building was first 
designed according to the provisions of EC8 [1] for ductility classes ‘M’ and ‘H’, and then 
redesigned to the performance/deformation-based procedure described in Section 3.3.  
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Figure 8  – 3D view (left) and geometry of typical frames of 10-storey building  

4.2.1  Discussion of different design aspects  

The design ground acceleration was taken equal to 0.24g, while ground conditions were 
assumed to be type ‘B’ according to EC8 classification. The materials used for design were 
concrete class C25/30 and steel S500. The structure is classified as irregular in both directions 
according to the provisions of EC8, which has repercussions on the behaviour factor q and the 
type of analysis to be used for design (see Table 1). The q-factors for the DCH and DCM 
structures were found equal to 4.14 and 2.76, respectively. The method of analysis used was 
the response spectrum method, since the equivalent static method is not allowed in the case of 
irregular buildings. The rigidity of structural members was taken equal to 0.5EIg for all 
members, as prescribed in EC8. 

In applying the direct deformation-based method, both elastic and inelastic analyses of the 
structure were carried out using the software package Ruaumoko 3D [40]. Modelling of 
members inelastic performance was done by means of a spread plasticity model and bilinear 
elastoplastic hysteresis rule. The effective rigidity was taken equal to 50% the gross section 
rigidity (EIg) for T-beams and for columns (same as in EC8). For the dynamic response-history 
analyses, a set of six pairs of actually recorded motions was selected (using the criteria 
mentioned in Section 3.3) from the European Database [41] and a synthetic record was added 
to form the final set of 7 records. All input motions were scaled to the intensity of the design 
spectrum (the same used for EC8 design), and pairs of horizontal components were applied 
simultaneously in each horizontal direction of the structure. The resulting longitudinal 
reinforcement demands were found to be generally less than the minimum Eurocode 
requirements. This hinted to the need for re-dimensioning the cross sections initially selected 
for the structural members (especially beams). Therefore, the proposed design method was 
additionally applied to a second structure (Building 2) having the same geometry as Building 1 
depicted in Fig. 8 and properly reduced cross sections (details are given in [4]). 

4.2.2  Evaluation of different designs  

The quantity of steel required in each member type is shown in Fig. 9 for the three different 
designs. It is clear that the application of the PBD method led to lower total reinforcement 
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demands, the more important difference being in the transverse reinforcement in columns, 
which also implies easier detailing on site. 

 
Figure 9  – Required amount of steel in beams and columns for Code Design (EC8) and PBD 

The seismic performance of the alternative designs was assessed by carrying out inelastic 
response-history analysis of fully inelastic models of the 3D R/C buildings (as opposed to the 
partially inelastic model used in design, see Step 3 in Section 3.3). A total of eight pairs of 
ground motion records were used (an extra pair was added to those used for design, and scaling 
factors were all adjusted accordingly in the new set). Verifications regarding interstorey drifts 
and plastic rotations were carried out for different levels of seismic action (50%/50yrs, 
10%/50yrs and 2%/50yrs), related to serviceability, life safety and collapse prevention 
objectives. Additional to the set of analyses based on stiffness assumptions corresponding to 
moderate levels of inelasticity (EIef=0.5EIg), an extra set of analysis was carried out, where the 
secant stiffness of the fully cracked section at yield, EIef=My/*y , was used for all R/C members. 

From the drifts at the serviceability-related earthquake shown in Fig. 10, it is clear that the 
seismic performance of both the EC8 designs and the building designed for target deformations 
having the same cross sections was very satisfactory. Moreover, the maximum value of 
interstorey drift ratio (average of 7 response-histories) was equal to 0.32% for the PBD 
Building 1 (recorded at the 9th storey, attributed to the reduction of stiffness due to the 
setbacks), and increased to only 0.35% when a number of cross sections were reduced 
(Building 2). As far as the development of plastic hinge rotations is concerned, the values 
obtained from the results of inelastic response-history analysis are significantly lower than the 
adopted limits (maximum value equal to about 0.002 and 0.003 for Buildings 1 and 2, 
respectively). 
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Figure 10  – Serviceability verification of different designs:  Interstorey drifts in x-direction 

From the several results of the performance assessment of the alternative designs of the 
irregular 10-storey building for the various levels of earthquake intensity, reported in detail in 
[4], which showed that both the EC8-designed buildings and those designed to the PBD 
satisfied the life safety criteria for the 10%/50yr event and the collapse prevention criteria for 
the 2%/50yrs event, a potentially critical situation is shown in Fig. 11. It refers to the case that 
the 8 pairs of records were scaled to the intensity of the 2%/50yrs earthquake and all R/C 
members were modelled with the reduced (fully cracked) stiffness (EIef=My/*y), i.e. lower than 
those used for design. Furthermore, the results are for PBD Building 2 (reduced cross-
sections), hence this is expected to be a critical case for displacements. It is noted that even in 
this case the maximum drift value (average of 8 records) is equal to 1.4% for Building 2 (and 
1.3% for Building 1, not shown in Fig. 11), values that fall well below the allowable limits for 
R/C frame structures [42]. It is noted that analysis results should be interpreted on the basis of 
the average of the calculated values of each response-history analysis set, since the scaling 
procedure was based on the consideration of a mean spectrum. As depicted in Fig. 11, some 
analysis results (typically the ones concerning the synthetic ground motion included in the set) 
can lead to an overestimation of interstorey drift values. Finally, regarding the plastic hinges 
developed, the corresponding rotations were quite low in all cases, while the values of column 
plastic hinge rotations are very low compared to those in beams [4]. 

4.2.3  Concluding remarks on deformation-based versus conventional code methods  

Some general remarks regarding the way comparisons of different designs should be 
carried out were made in Section 4.1.3 and apply also herein. Assessment of the multi-storey 
buildings with setbacks designed according to the deformation-based design method was found 
to lead to a very satisfactory seismic performance under earthquake levels associated with life 
safety and collapse prevention. Furthermore, a worst-case scenario assuming secant values at 
yield for member rigidities and the rare earthquake level (related to the collapse-prevention 
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objective) has shown that the PBD-designed building still performs satisfactorily, since the 
estimated drifts are well within the allowable values for R/C frames [42]. 

 

 
Figure 11  – Interstorey drifts for the ‘collapse prevention’ performance level, EIef=My/*y 

The deformation-based procedure is characterised by greater complexity compared to the 
current code procedures, but the results of applying this method to the design of irregular 
structures were encouraging. Since the deformation-based method accounts for the design 
according to the inelastic deformations anticipated for every performance level, basically the 
ductility of each member, the cross sections required for the specific performance can be 
defined. Eventually, by designing according to the deformation-based design method, economy 
is obtained (in comparison to Code design) concerning not only the cross sections used but also 
the reinforcement requirements (especially the transverse reinforcement of columns). 

It should be noted, however, that these and other assessment exercises have clearly shown 
that Code-designed (e.g. according to the EC8 DC ‘M’ and ‘H’) buildings also perform very 
satisfactorily for several earthquake levels. Hence, as already noted in 4.1.3 (referring to the 
direct DBD),  possible advantages of the PBD methods should be traced mainly in the direction 
of economy, i.e. to potentially save material by avoiding overconservatism in design. 
Nevertheless, better control of seismic performance at different earthquake intensities might 
also be a critical issue, especially in some important buildings. 

5 FINAL CONCLUDING REMARKS 
This paper attempted to provide an overview and discussion of the various seismic design 

procedures available for buildings, with a view to assessing whether currently adopted 
procedures are adequate and also whether new proposals for improved design methods (such as 
the direct displacement-based and deformation-based design procedures presented herein) 
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could be useful within the frame of the new generation of codes. As far as the first question is 
concerned, the answer is straightforward: Far from being perfect (whatever this might mean in 
the context of practical design), current codes like Eurocode 8 (that was reviewed in section 2 
of this paper) and the American Code IBC lead to designing sound structures with ample 
margins of safety against collapse, and in this respect they are, indeed, adequate. One can argue 
that sometimes current codes tend to be over-conservative and/or to result in building members 
that are difficult to detail on-site, but others could argue that earthquakes keep surprising us in 
the sense that ground motions stronger than those recorded in the past keep being recorded, 
hence the extra safety margins apparently provided by current codes should not be reduced. It 
is perhaps worth noting here that the final version of Eurocode 8 generally results in less 
amount of reinforcement than earlier versions of this Code (like the ENV one, see detailed 
presentation and examples in [11]), in contrast to what happened until recently, i.e. that new 
seismic action generally led to more stringent requirements and increased the cost of building. 
Interestingly, comparative studies [50] have shown that the more economic design resulting 
from the final EC8 does not lead to any noticeable reduction in safety margins. 

The second question, i.e. whether new performance-based design proposals could or should 
be incorporated in future seismic codes, is more difficult to answer in a definitive way. Based 
on the (undoubtedly limited) available evidence, it appears that there are two main issues 
wherein new proposals can ‘entice’ code developers: better damage control for a number of 
different earthquake intensities (in particular those lower that the commonly used single design 
earthquake with 10%/50yrs probability of exceedance), and, of course, economy. As far as 
damage control is concerned, the writer’s opinion is that the direct deformation-control method 
(Section 3.3) is better suited for inclusion in future codes, not only for ‘format’ reasons (i.e. 
that it can be incorporated in existing codes by revising them rather than by, essentially, 
completely replacing them), but also because, as already pointed out in this paper, 
displacement-based methods, even when applied to structural systems for which they were 
properly calibrated, do not always guarantee that local inelastic deformations will be within the 
acceptable limits, since checking of these deformations is not part of the procedure. It is clear, 
nevertheless, that explicitly checking these local deformations requires more refined and costly 
types of analysis than the simple equivalent static approach put forward by the DBD 
developers. In principle, only inelastic analysis can offer a viable alternative here and, for 
several types of buildings, this analysis should be dynamic (response history) rather than static. 
Moreover, in many cases, analysis should account not only for inelastic member response but 
also for (nonlinear) soil-structure interaction (SSI) effects, a crucial issue that has not been 
raised here due to space limitations and because it will be dealt with in other keynote lectures 
in this conference. Just as an indication of its importance, one could note that both the effective 
period (equation 19) and the effective damping of the system (e.g. the SDOF system forming 
the basis of the direct DBD method) can be strongly affected by SSI and by radiation damping, 
i.e. the damping resulting from the scattered wave energy from the foundations. Of course, as 
one keeps refining the analysis, the latter is made more complex and difficult to apply in a 
design office context (and within the stringent time schedules that usually apply). Seen from a 
slightly different perspective, the key difference in the interesting new proposals reviewed here 
is in the level of approximation, since the goal is common in both of them, i.e. control of 
damage. The direct DBD procedure assumes that the (generally complex) real building can be 
properly reduced to an SDOF system based on a reasonable (inelastic) displacement pattern, 
whereas the direct deformation-based procedure arrives at the inelastic displacement pattern 
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and the associated local deformations through inelastic analysis, albeit of a reduced inelastic 
model. Nevertheless, for the latter method to be direct rather than iterative (which would 
increase substantially the cost of analysis), it has to introduce an approximation in the way 
inelastic rotations are estimated from elastic ones (in Step 1). 

Last and not least, the issue of economy has to be addressed, which is arguably the one 
most difficult to tackle in the context of this paper. The available evidence is certainly too 
limited for drawing conclusions of general validity. Moreover, it should be emphasised that the 
economy of the final design does not depend solely on the way seismic action is defined and 
the analysis method used (e.g. code-type or PBD), but on several other issues that have not 
been studied systematically so far. For instance, comparisons among old and new procedures 
are in most studies carried out for 2D building models, hence the influence of important design 
assumptions such as torsion and accidental eccentricity effects, and combination rules for 
multi-component earthquake input, have not been addressed. Some pilot studies within the 
writer’s research group have indicated that the final action effects (moments, shears) can be 
influenced more by the way torsion and accidental eccentricity are taken into account, than by 
whether the base shear was determined using the Code procedure or the DBD approach. 
Furthermore, as clearly illustrated by the case study presented in Section 4.1, answers to the 
economy question depend strongly on the code method (static or dynamic) to which the results 
of PBD procedures are compared. In view of these remarks, the only definitive conclusion 
regarding  the issue of economy is that additional and, especially, more systematic and 
comprehensive studies are required to compare the final products resulting from each 
procedure, wherein these products should be realistic, 3D buildings like those that one finds in 
the real world (as opposed to academic studies). 
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PROJEKTOVANJE MOSTOVA ZA UTICAJ ZEMLJOTRESA 
Rezime: 

Predstavljeni su osnovni principi na kojima se zasniva projektovanje mostova za 
uticaj zemljotresnog optere*enja, u skladu sa modernim standardima sa posebnim 
akcentom na standardu Evrokod 8/2 (EC8/2). To su: eksplicitna redukcija seismi(kih 
sila, postupak odre)ivanja pomeranja, metoda programiranog ponašanja i specijalna 
konstrukciona pravila, kojima se obezbe)uje dovoljna duktilnost stubova. Opisani su 
analiti(ki modeli, koji se naj(eš*e upotrebljavaju za nelinearnu analizu mostova, a 
predstavljene su i dve pojednostavljene nelinearne “pushover” metode: a) N2 
metoda, koja je uklju(ena u EC8/2 i MPA metoda.  

Klju"ne re"i: mostovi, projektovanje za uticaj zemljotresa, analiti"ki modeli, 
“pushover” metode 

DESIGN OF EARTHQUAKE RESISTANT BRIDGES 
Summary:  

The basic principles of the design of earthquake resistant bridges, which are 
included into the modern standards (with emphasis on the standard Eurocode 8/2 
(EC8/2)), are presented. They are: explicit reduction of the seismic forces, 
calculation of the displacements, capacity design procedure and special detailing 
rules assuring adequate ductility of columns. Several analytical models that are 
frequently used for the nonlinear analysis of bridges are presented. Two simplified 
nonlinear pushover methods: a) the N2 method, included into EC8/2, and b) the 
MPA method are described.  

Key words: bridges, seismic design, numerical models, pushover methods 
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1 INTRODUCTION  
Bridges are specific structures whose structural concept is mostly related to functionality. 

They give the impression of being rather simple structures whose seismic response could be 
easily predicted. Therefore, in the past, a little attention was paid to their seismic design. 
Usually the design methodologies, developed primarily for the design of buildings, were used. 
However in many cases, those methodologies were inappropriate, since the structural system of 
bridges, dimensions, and seismic response, in general, are considerably different. This practice, 
however, has changed, since it was realized that bridges need special consideration. An 
example of the changed practice is the Eurocode standard, comprising a part Eurocode 8/2 [1], 
which is intended for the seismic design of bridges. 

The Eurocode 8/2 standard (EC8/2) includes many modern design principles, which were 
usually not taken into account in the past, and which are often not taken into account even 
today. These main principles, typical for many modern design codes, are briefly described in 
this paper. The information about the reduction of the seismic forces, explicit calculation of the 
displacements of bridges subjected to the seismic load, capacity design principle and special 
construction details assuring adequate ductility capacity are summarized in Sections 2.1 – 2.4, 
respectively. 

Seismic load is one of the strongest loads that threaten bridges in the seismically prone 
areas. Accordingly, many structures can be exposed to significant plastic deformations and 
their response can be highly nonlinear. Nevertheless, the elastic linear methods are usually 
used for their analysis.  

In bridges, which are supported by piers having very different stiffness and strength, 
considerable redistribution of the seismic load is usually observed, relative to the results of the 
linear analyses. Consequently, the nonlinear methods are needed, since the linear methods 
cannot estimate the response realistically. This has been recognized by the EC8/2 standard. 
Bridges, for which the significant redistribution of the seismic effects is expected, are defined 
as irregular structures and the nonlinear analysis is suggested as an option to estimate their 
seismic response more realistically.  

The use of the nonlinear analysis is demanding for the everyday design. Therefore, in the 
paper, a special section is devoted to this topic. First, an overview of the numerical models 
suitable for the nonlinear analysis of bridges is presented (Section 3). After that, an overview 
of different simplified nonlinear methods is made (Section 4). 

The most refined nonlinear method is apparently the nonlinear response-history analysis 
(NRHA). However, it is complicated for use in the everyday design. It requires considerable 
experience in modelling of the dynamic response of structures and an appropriate modelling of 
the seismic load. The specialized software is also needed. 

To simplify the nonlinear analysis and to make it more regulated, different simplified 
nonlinear methods have been developed. One of them, which is typically used for the analysis 
of different structures, is the N2 method [2]. It is included in both standards EC8/1 [3] and 
EC8/2. The method is described in Section 4.1. 

Since N2 is a simplified method, it has certain limitations. When it is not suitable for 
analysis, the multimode pushover methods (e.g. MPA [4], IRSA [5] or ACSM [6]) can be used. 
One of them, the MPA method, is briefly presented in Section 4.2. 
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2. BASIC PRINCIPLES OF EARTHQUAKE RESISTANT DESIGN OF 
BRIDGES 

2.1  REDUCTION OF SEISMIC FORCES 

In seismically prone areas, the earthquake load is the strongest action that threatens the 
structures. Its intensity is considerably higher than the intensity of the other loads and,  
therefore, it would demand considerably larger strength (dimensions and reinforcement) of the 
structure if it were to be  designed to respond elastically. Since this load is rare and of short 
duration, the design of structures for the elastic response would be uneconomic. Thus, the 
structures are usually designed for reduced seismic forces. This means that the response of a 
structure to the strongest expected seismic load would be nonlinear. Consequently, the 
structure should be able to experience the expected plastic deformations. To prevent its 
collapse, the capacity design procedure (Section 2.3), as well as adequate construction details 
(Section 2.4), is required.  

Reduction of seismic forces is illustrated in Figure 1, where the relationship between 
seismic forces and the displacements of the structure is illustrated. The line 1 shows elastic 
response of a bridge to the seismic load. In this case the seismic forces are not reduced, and the 
demanded strength of the bridge is considerably larger than in the cases with seismic force 
reduction, illustrated with the lines 2 and 3. 

Fo
rc

e

Displacement

Essentially elastic response

Limited ductile response

Ductile response

q = 1.5

q = 3.5

1

2

3

A B

C D

Ideal elastic 
response q = 1.0

  
Figure 1 - Reduction of the seismic forces 

The line 2 represents the force-displacement relationship for a bridge, where the design 
seismic forces are reduced 1.5 times. The demanded strength of the bridge is 1.5 times smaller 
than in the case of the elastic response. The structure shall be able to resist limited plastic 
deformations (AB). This type of response in the EC8/2 is defined as limited ductile. 

The line 3 illustrates the force-displacement relationship for a bridge, when the seismic 
design forces are reduced 3.5 times. In this case, the strength demand is the lowest, but the 
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ductility demand, capability of the structure to resist plastic deformation, is the largest. The line 
3 illustrates the response type, which is defined in the EC8/2 as ductile response. 

Thus, larger reduction of actual seismic forces calls for larger plastic deformations, which 
the structure should be able to resist. However, the seismic forces cannot be reduced at will 
without any limitations. The amount of the reduction depends upon the capability of the 
structure to resist the plastic, permanent deformations. In other words, it depends on the 
available ductility in the structure. The available ductility of a structure depends on its 
structural type. In the EC8/2, the reduction of the seismic forces is defined by the behaviour 
factor q. The values of this behaviour factor for some typical bridge systems are illustrated in 
Table 1.  

Table 1. Behaviour factors q, defined for different types of bridge structures 
Type of ductile elements Seismic Response 

Ductile Limited Ductile 
Vertical RC piers in 

bending 
3.5 2(�s

*) 1.5 

Inclined struts in bending 2.1 2(�s) 1.2 
Abutments rigidly 

connected to the deck – in 
general 

1.5 1.5 

Abutments rigidly 
connected to the deck – 

Locked-in structures 

1.0 1.0 

Arches 2.0 1.2 
* �s – shear span ratio of the pier, for �s # 3 2(�s) = 1.0;and for  3 > �s # 1 2(�s) = (�s/3)0.5 

For structures with larger energy dissipation capabilities (larger available ductility) larger 
behaviour factor is allowed. For example, in regular bridges supported by columns with 
predominantly flexural response, the behaviour factor is the largest (q = 3.5). When a bridge is 
irregular or supporting columns are exposed to large axial loads, its capabilities to resist plastic 
deformations are reduced. Consequently, the lower behaviour factors are allowed. 

In general, for each of the structural types, the EC8/2 defines two values of the behaviour 
factor. This means that each structure can be designed considering the limited ductile or ductile 
response. The type of the response should be chosen by the designer depending on the 
requirements of the owner. A brief summary of studies, where bridges with ductile and limited 
ductile response were compared, can be found in [7]. In the same reference, comparisons of 
bridges designed according to the EC8/2 and some older codes can be also found.     

The reduction of actual seismic forces is not a novelty, considering the design practices in 
the past, where the seismic forces were reduced, sometimes by more than 5 times. However, 
this reduction was not explicit as in the EC8/2. The implicit reduction of the seismic forces 
often resulted in mistakes, particularly when the displacements due to the seismic load were 
calculated. 

There are many references comprising more information about the reduction of seismic 
forces, e.g. [8]. The basic principles of the design of earthquake resistant bridges can be found 
in [9]. 
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2.2  DISPLACEMENTS 

The calculation of the displacement demand of a bridge subjected to seismic load is as 
important as the calculation of the strength demand. Displacements of the bridge can be 
determined taking into account basic rule of the seismic design of structures. This is presented 
in Figure 2. According to this principle, the displacements of a structure, which is to be 
designed taking into account the reduced seismic forces (ductile structure), are equal to the 
displacements of the structure that would respond to this load elastically.  

Ee

E

dE = 1 dEe

dE = q dEe

F
F

F

dEe dE

F
F

F

dEe dE  
Figure 2 -  Reduction of the seismic forces 

The displacement of the ductile structure can be expressed as: 
dE = 1 dEe (1) 

where 1 is the displacement ductility, defined as the ratio of the maximum displacement due to 
the seismic load dE and the elastic displacement corresponding to the reduced seismic force 
corresponding to dEd  , or so called yield displacement. 

Taking into account the rule presented in Figure 2, it can be seen that the displacement 
ductility 1 is equal to the behaviour factor q (see Table 1). Considering this, the equation (1) 
can be transformed to: 

dE = q dEe (2) 
In EC8/2 equation (2) is used to calculate displacements of bridges with intermediate and 

long fundamental periods of vibration (see the definition in the EC8/2). For short-period 
structures, it is to be used in the modified way. The details can be found in the EC8/2. 

It used to be a practice that the displacements were calculated taking into account the gross 
cross section of the columns. Due to the cracking of concrete and yielding of the 
reinforcement, in the ductile structure the effective cross section of RC columns can be 
substantially reduced relative to the gross cross section. This increases the flexibility of the 
structure and consequently the displacements as well. The effective stiffness of the columns 
can be estimated based on the methods presented in the Annex C of the EC8/2. 

Due to the implicit reduction of seismic forces in older design codes, the displacements of 
bridges were often calculated improperly, taking the displacements to be dEe, which would 
develop during the strongest expected earthquake. Considering the equation (2), it can be 
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concluded that the displacements can be even 5 times (in the older design) smaller than the 
actual displacement. Moreover, if the displacements were calculated taking into account gross 
cross section of columns, the actual displacements could be underestimated by more than 10 
times. 

2.3  CAPACITY DESIGN 

Ductile structures (Section 2.1) should be able to resist considerable plastic deformation 
without a failure. The brittle failure of the structure should be prevented. This can be done 
using the so called capacity design procedure. It is one of the basic principles of the Eurocode 8 
standard in general, not only in the design of bridges. 

The main idea of the method can be illustrated by a chain in Figure 3. The strength of the 
chain is equal to the strength of its weakest element. Other parts of the chain are designed to be 
able to resist forces that are larger than the strength of the weakest element. In this way the 
strength of the chain is clearly defined, as well as the position where its failure would occur. In 
this way the type of failure can be also easily controlled, since the position of the critical 
element is clearly defined. The goal is to prevent the brittle failure of the chain. This can be 
done by making the critical (weakest) elements ductile. 

In bridges, columns are usually chosen as the weakest elements. This is not an ideal 
solution, since considerable axial forces can occur in these elements, which reduce their 
capability to resist plastic deformation. However, this is the only reasonable solution, since the 
superstructure is usually designed to respond elastically, since it should be able to assure the 
functionality of the traffic after an earthquake.  The damage of the abutments and footings is 
also usually prevented, since these elements are more difficult to repair than the columns. 

Strong nonductile link

Weakest ductile link

FEe FEe

 
Figure 3 -  The main idea of the capacity design procedure 

The capacity design in bridges is illustrated by the example of the column and footing in 
Figure 4. To make the column the weakest element, the footing should be designed to resist the 
flexural moment, which is larger than the flexural strength (capacity) of the column Mo. The 
same philosophy is used when the necessary shear resistance of the footing is defined. It should 
be equal or larger than the largest shear force that can occur in the footing. Its value is limited 
by the largest possible shear force in the column VC. This force depends on the flexural 
strength of the column Mo, and can be calculated (in a cantilever column) as: 

VC = Mo/h (3) 
where h is the height of the column.  
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The same procedure is used to design the other parts of the bridge (superstructure, bearings 
etc.). Note that these elements are not designed using the design forces and moments 
determined with the elastic analysis, based on the reduced seismic forces, but using the 
capacity design forces, determined based on the strength of the columns as the weakest 
elements. 

VC,O = MO/h

MO = FO MRd

VC,O = MO/h

h

 
Figure 4 -  Capacity design procedure in the bridge 

The capacity procedure is used to design the columns as well. To prevent the brittle failure 
of the structure, columns should be able to resist considerable plastic deformation. Therefore, 
their response should be flexural. The brittle shear failure should be avoided assuring the shear 
capacity is at least equal to the largest possible shear force that can develop in the column VC. 
This force depends on column’s flexural strength (capacity) Mo (see equation 3).  

Note that the strength of the column Mo is not equal to the design flexural strength MRd, 
which is determined by the design of its most critical cross sections. The flexural strength Mo is 
usually larger than the MRd, since the column has certain overstrength. The reasons are many.  
For example, the actual properties of the concrete and steel are larger than the design values, or 
steel exhibits the strain hardening. 

The actual flexural strength of the column Mo can be estimated based on its design value 
MRd as 

Mo = F0 MRd  (4) 
where Fo is the overstrength factor. For reinforced concrete columns with low axial forces, it is 
recommended to use the value of Fo = 1.35. For other types of columns and different levels of 
axial forces the reader can peruse the recommendations in the EC8/2. 

Note that the maximum possible shear forces VC in columns can be substantially larger than 
the design shear force VRd, which is determined by seismic analysis of the structure using 
reduced seismic forces.  

The application of the capacity design procedure is used to prevent brittle shear failure of 
columns. However, it does not automatically assure that some other types of the brittle failure 
of the column are prevented, e.g. the failure due to the insufficient confinement of the critical 
cross sections and the failure due to the buckling of the longitudinal (flexural) reinforcement. 
These types of failure can be prevented using special detailing rules that are described in the 
next section. 
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2.4  DETAILING RULES 

The brittle failure of columns can occur due to insufficient confinement of the critical cross 
section or due to the buckling of the compression longitudinal reinforcement. In the past design 
practice, insufficient attention was usually paid to these problems. Consequently, during the 
past earthquakes, severe damage was observed in many bridge columns (Figure 5). 

a) b) 

  
Figure 5 -  Damage of the column: a) due to the insufficient confinement and b) due to the 

buckling of the compression longitudinal bars 

In the column subjected to the axial load and bending moments, the lateral stresses, 
perpendicular to the longitudinal axis of the column, are developed simultaneously with the 
normal (longitudinal) stresses (Figure 6). When the normal compression stresses are relatively 
large, these lateral stresses can be substantial. If they cannot be resisted by the concrete, the 
concrete “explodes” and instant and brittle failure occurs in the column. 

 
Figure 6 -  Lateral stresses 
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The lateral stresses can be particularly large in the critical regions, so called potential 
plastic hinge regions, where the bending moments are the largest. In the cantilever columns, 
this region is located in the vicinity of the joint of the column and the footing. In the columns, 
which are fixed into the superstructure, potential plastic hinges are located in the vicinity of the 
joint of the column and the superstructure as well. 

To increase the resistance of the cross section to lateral stresses, a special transverse, so 
called confining, reinforcement is constructed along the whole length of the potential plastic 
hinges. In this way the necessary resistance of the column to the plastic deformation is assured, 
and the brittle failure of the column is prevented. 

To assure the necessary ductility of the bridge columns, the EC8/2 defines the required and 
minimum amount of the confining reinforcement in columns. This reinforcement should also 
fulfill the minimum requirements regarding the distance and the minimum amount of the 
transverse reinforcement along the column, in the plane of the most critical cross sections. An 
example of these requirements, which are defined for the columns of the rectangular cross 
section, is shown in Figure 7. It is evident that the amount of the hoops and cross-ties is 
considerably larger than it was typical for the design practice in the past. The shape of the 
transverse reinforcement is different as well. 

4 closed overlapping 
hoops

3 closed overlapping 
hoops + cross-ties

 
Figure 7 -  Tyical confinement details in the concrete column of rectanguar cross section 

The large amount of the confining reinforcement can be avoided by reducing the normal 
stresses due to the axial forces as well as with the proper choice of the shape of the column 
cross section. For example, in the EC8/2 the special confining reinforcement is not required if 
the level of the normalized axial force �k = NEd / (Acfck) (NEd is the design axial force in the 
column, Ac is the area of its cross section and fck is the characteristic compression strength of 
the concrete) does not exceeds the value of 0.08. 

The suitable shapes of the cross sections are those with the wide compression zones. In 
such cross sections the normal compression stresses, and consequently related lateral stresses, 
are reduced relative to the cross section with narrower compression zones. Therefore, their 
capability to withstand the plastic deformations and their ductility are larger. A typical example 
of the cross section having the large ductility is the box cross section shown in Figure 8. In 
contrast, the I shape cross section, which is widely used in the central Europe, requires much 
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more confining reinforcement, since its compression zone in its weak direction is quite narrow 
(Figure 8b). 

b) narrow 
compression 

zone

a) wide 
compression 

zone

 
Figure 8 -  Cross-section a) with large ductility, b) with low ductility 

In the regions of potential plastic hinges, the buckling of the longitudinal compression 
reinforcement should be prevented as well, since it can also result in the brittle failure of the 
column. It was found [9] that the proper confining reinforcement is not always sufficient to 
prevent this type of failure. Therefore, some additional requirements and rules for the 
construction of the transverse reinforcement are defined in the EC8/2 to prevent the buckling of 
compression longitudinal bars. These requirements can be quite crude, particularly in the 
columns of circular cross sections and columns with large longitudinal reinforcement ratio. For 
more details the reader can study the EC8/2. 

3. NUMERICAL MODELS FOR INELASTIC ANALYSES 
The dynamic response history analysis is one of the methods, which can be employed to 

estimate seismic response of RC bridges, taking into account their nonlinear properties. A good 
prediction of seismic response obtained by this method depends upon selection of an 
appropriate model of earthquake load, and on the selection of adequate model of a bridge for 
numerical calculations of response. The modern seismic design philosophy for bridges (which 
is the basis for most of the modern design codes) includes a consideration that damage of the 
bridge should be limited to the flexural damage of columns only. Therefore, the following 
discussion will focus on the inelastic models of bridge columns. There are several elements 
which are suitable for modelling the nonlinear behaviour of bridge columns. However, the 
knowledge about their applicability in practice is limited. In general, these elements could be 
classified as macro- or micro- elements.  

Generally, macro-elements are different types of beam-column elements, where the 
nonlinear behaviour is modelled using different hysteretic rules (force-displacement or 
moment-rotation relations), and which attempt to capture overall member behaviour. The basis 
of development of hysteretic macro-models is the experiment. The parameters of hysteresis 
have clearly defined physical meaning, and this makes macro-elements relatively easy to 
control. Since the hysteretic rules tend to represent the overall member behaviour, macro-
models usually include fewer elements than micro-models. This makes macro-models simple 
and more appropriate for complex dynamic nonlinear analyses.  
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The second group of elements, micro-elements are, in general, plain (2D) or solid (3D) 
finite elements. Typically, the nonlinear behaviour is modelled on the level of stress-strain 
relationships (using constitutive laws). Compared to the macro-models, more calculations 
(integrations) are needed, and this makes the complex dynamic response-history analysis more 
complicated. Compared with the macro-models, the micro-models make the control of the 
results and their analysis more complex and time-consuming.  

Some macro-elements, like fibre elements, combine the properties of previously described 
types of elements. For example, fibre element is a beam-column type element, where the 
nonlinear behaviour is defined based on the stress-strain relationship of each fibre. 

It is the authors’ opinion that it is more convenient to use macro-models when the global 
response of a bridge is analysed. The micro-models are more appropriate when the local 
responses of some components (e.g. links) are studied. According to this view, this paper will 
deal only with macro-elements. Three types of these elements: a) beam-column element with 
lumped plasticity, b) fibre element, and c) Multiple Vertical Line (MVL) element, will be 
compared using an example of four-span viaduct (in Section 3.1). This viaduct was originally 
investigated experimentally and analytically by Italian researchers, Pinto and Negro [10]. The 
inelastic dynamic response has been compared with experimental results (Sections 3.2 – 3.4). 
A brief comparison of different numerical models will also be presented in Section 3.5. 

In the following examples, only the out-of-plane response of planar (straight) bridges, 
excited by synchronous ground motion at all supports is discussed. Several issues that can be 
important in some bridges are neglected, e.g. the effects of soil-structure interaction, effects of 
excitation by three-dimensional strong ground motion (three translations and three rotations), 
consequences of large displacements which lead to geometrical nonlinearities, effects of the 
nonlinear response of soil, wave propagation effects along long bridges, and the contribution of 
differential ground motion to the overall bridge response. Analyzed bridge was designed 
according to EC8/2, supposing that the nonlinear behaviour would be limited to columns. 
Therefore, the numerical model includes only inelastic models of columns. The inelastic 
models of other elements typical for bridges (abutments, shear keys, links, bearings etc.) are 
not addressed. All effects and models listed above are briefly commented at the end of this 
paper. 

3.1  NUMERICAL EXAMPLE 

A large-scale specimen (1:2.5) of a typical viaduct was analysed in the transverse direction. 
Full-scale structure consisted of a 200-meter deck and three single column bents (Figure 9). 
The deck was pinned at the abutments. 
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of viaduct

0.4m

a) Viaduct V232 b) Column cross-section

 
Figure 9 -  Numerical example 
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When modelling this viaduct, the superstructure was assumed to respond elastically to the 
strong earthquakes. Mass of the deck was modelled by dividing the superstructure into 32 
segments of equal lengths. Abutments were modelled as infinitely rigid. Columns were pinned 
at the level of the superstructure and fixed to their footings. 

Seismic load was defined by a generated earthquake record, used in the experimental 
studies. 

3.2  BEAM-COLUMN ELEMENT WITH LUMPED PLASTICITY 

For decades, the engineering community has been using a beam-column element with zero 
length plastic hinges at both ends of the column [11]. Part of the element between the node and 
the point of contra-flexure can be represented by an equivalent column (Figure 10). 

 
Figure 10 -  Equivalent column and the definition of the equivalent plastic hinge length 

based on the idealized curvature distribution 

The drift (chord rotation) is then defined as the relative top displacement divided by the 
height of the column. The displacement is obtained by the double integration of the curvature 
along the height of the column. Typically for macro elements, a number of idealizations have 
been used in the applications. Linear distribution of bending moment and idealized curvature 
distribution can be assumed. Plastic curvature is then assumed to be constant over the 
equivalent plastic hinge length, which has been empirically examined in [1], [9], and [12].  

Though the element appears to be crude, it is physically sound and easy to control. The 
advantage of the physical hinge model over the other macro-models is that complex moment-
rotation relationships can be incorporated easily. These, typically empirically based 
relationships can reflect many features of the response, which are difficult to model 
analytically even with the most sophisticated models (like bond slip or strength degradation). 
Therefore, this element has been popular in the past and has been successfully used in many 
research applications. At present, one type of this beam-column element, using the Takeda 
hysteretic rules [11], is used in the program system OpenSees [13], where it has been 
introduced by Japanese researchers [14]. An application for hollow-box columns in a highway 
viaduct, described in the Section 3.1, will be briefly presented. 

The beam-column macro element described in this study was incorporated into DRAIN-2D 
program [15] at the University of Ljubljana (ULJ) [16]. In this element, tri-linear Takeda 
hysteretic rules control the response of the rotational springs. In the initial model no tuning of 
the element parameters was done. All properties (including hardening parameter) were 
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calculated from the first principles. The common average value of the unloading parameter in 
the Takeda rules (� = 0.5), which determines the rate of the unloading stiffness deterioration, 
was used. 

The correlation between the analytically and experimentally determined displacement 
response histories, obtained by the initial model, was good and so was the modelling of the 
predominantly flexural hysteretic behaviour of the tall central column (Figure 11). However, in 
the case of the design earthquake, the initial model underestimated the actual stiffness 
degradation on the unloading branch for the short side column (Figure 11(a)). To account for 
higher stiffness degradation, unloading parameter � = 1.0 should have been used in the 
modified model. This change improved the calculated response in the case of the design 
earthquake (Figure 11(b)), but not in the case of the high-level earthquake (Figure 12), 
indicating that different �� values should be used for different levels of response. 

Such results are quite typical for the application of the macro elements, and the overall 
results were quite good in all cases. However, it is unrealistic to expect or to claim that such, 
empirically based models can capture all the details of the response in the cases for which they 
were not calibrated. However, even the more refined models, like the stress-strain monitoring 
fibre element cannot always guarantee good or acceptable results. 
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Figure 11 -  Shear force-displacement diagram for the initial model (� = 0.5) and model 

using �A= 1.0 (design earthquake) 

(a)     (b) 

-60 

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-100 -80 -40 -20 - 20 40 60 80 

displacement [mm]

Force [kN]

analysis
� = 0.5

experiment
analysis
� = 0.5

experiment

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-150 -100 -50 - 50 100 150 

Force [kN]

displacement [cm]

analysis
� = 1.0

experiment
analysis
� = 1.0

experiment

 
Figure 12 -  Shear force-displacement diagram for the initial model (� = 0.5) and model 

using � = 1.0 (high-level earthquake) 
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3.3  FIBRE ELEMENT 

When modelling columns with fibre elements, the cross section of a column is divided into 
certain number of fibres (Figure 13). The nonlinear hysteretic behaviour of the element derives 
from the constitutive relationship of concrete and reinforcing steel that are associated with each 
fibre, depending on its material properties. This straightforward approach appears to be natural 
and simple. However, in practice, this element is complex and sometimes difficult to control. 
In the case of the element in DRAIN-3DX [17], results are very sensitive to the number and the 
length of the elements, in particular in the plastic hinge zone.  

y
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00.511.522.533.5
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�

Concrete fibres

 
Figure 13 -  Cross-section is divided on fibres; An appropriate stress-strain relationship is 

linked to each fibre  

In the program OpenSees [13], which is widely used for the nonlinear design of different 
types of structures, there are several types of the fibre elements included: a) Nonlinear beam-
column element [18], [19], b) Beam with hinges [20], and c) Displacement based beam column 
element.  

In the study described below, the Nonlinear beam-column element was employed. The 
correlation between the computed displacement response, obtained by the initial model (with 
typical values of characteristic parameters), and experimentally obtained displacements was 
good (Figure 14). As the initial beam column element with lumped plasticity, this model failed 
to predict actual stiffness degradation on the unloading branch (Figure 14). Several 
improvements were necessary to obtain better results (Figure 15). Model of concrete and model 
of steel, as well as the number of integration points, had to be changing. For example, the 
strength of the concrete in tension had to be taken into account, and instead of the bilinear 
stress-strain relationship the Giuffre-Menegotto-Pinto [21] , model for steel was used. 

The second type of the fibre element, the Beam with hinges element [20], is somewhat 
simpler than the Nonlinear beam column element. It considers plasticity to be concentrated 
over specified hinge length at the element ends. Considering an appropriate hinge length, it is 
simpler to take into account different features of the seismic response of RC columns, like 
shear cracking, and pull out of the reinforcement, which are relatively complicated to model 
when the nonlinear beam column element is used. Certainly, an important advantage of this 
element is a stable behaviour in the cases of strain softening [20], which can be a quite 
challenging problem for fibre elements of other types.   
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The first two types of fibre elements mentioned are force-based elements. The last type is 
displacement based and it is similar to what is included in the program Drain-3DX, but it also 
has deficiencies [22]. 
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Figure 14 -  Displacement history and shear force-displacement diagram (initial model) 

End column, 2M = 5.60 m.
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Figure 15 -  Displacement history and shear force-displacement diagram (modified model) 

 

3.4  MULTIPLE-VERTICAL-LINE (MVL) ELEMENT 

In terms of the relative level of sophistication, the MVL element falls between the elements 
presented in sections 3.2 and 3.3. In the MVL element model (Figure 16), the cross section is 
divided into several springs that are connected by rigid beams at the top and bottom levels of 
the element. They simulate axial and flexural behaviour of the element using simple hysteretic 
rules  [23]. MVL element includes also a horizontal spring, which models shear behaviour. 

This element was originally proposed by Japanese researchers [24] and later modified in 
[25], as well as by the second author of this paper [26]. All these versions of the element could 
be used for the analysis of the unidirectional response only. A ULJ version (third version) of 
the element has been extended in [23], so the bi-directional analysis is also possible. The 
hysteresis loops have been also improved. The extended version of the element has been 
incorporated into the program OpenSees [13].  
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The MVL element has been originally proposed for the analyses of structural walls. Since 
the larger cross sections of columns behave similar to the structural walls, the capabilities of 
this element in modelling the viaducts have been tested as well. 

Each column of the investigated viaduct (Section 3.1) has been modelled with nine MVL 
elements. The displacement time-history obtained with the initial model (using standard 
parameters: � = 1.0, 9 = 1.5, F = 1.05, 0 = 0.50) was quite good (Figure 17). The prediction of 
the stiffness degradation on the unloading branch was better than that obtained with the 
previous two elements. Since the prediction was quite good, standard parameters were not 
changed. 

 

 
Figure 16 -  Multiple-Vertical-Line-Element (MVLEM) and hysteretic rules of vertical springs 
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Figure 17 -   Displacement time-history and shear force-displacement diagram (initial model) 

3.5   COMPARISON OF THE PRESENTED MODELS 

It can be concluded that all presented models are suitable for modelling the global 
behaviour of viaduct columns. All the initial models (using standard values of parameters) 
estimated the maximum displacements as well as the maximum forces quite well. Some 
discrepancy with the experiment was detected mostly during the unloading phase.  

The presented models differ regarding the model sophistication. It can be concluded that 
although the beam-column element with lumped plasticity is the simplest, it is quite successful 
in the prediction of the global response. This makes it very suitable for the nonlinear response-
history analysis, where the simple model is needed to make analysis simple, less time-
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consuming and easy to control. However, when the strains or stress in some parts of the 
structure are of the interest, or coupled bi-directional response is investigated, this element 
cannot be used. In such cases, the other two types of elements are more efficient. The 
advantages and limitations of the presented elements are summarised in the Table 2. 

Table 2 – Advantages and limitations of the presented elements 
Type of 
Element 

Advantages Limitations 

Beam-
Column 
Element 
with 
Lumped 
Plasticity 

- Simple model with small number 
of elements (often one per column) 
- Nonlinearity defined based on the 
hysteretic rule with clear physical 
meaning 
- Easy to control 

- Cannot be used for the analysis of 
coupled bi-directional response 
- Unable to estimate stresses and 
strains 

Fibre 
Element 

- Able to estimate strains and 
stresses 
- Can be used for the analysis of 
coupled bi-directional response 

- Relatively complex analysis  
- Several iterations are necessary to 
establish the appropriate model 
- Control of results is more complex 

MVL 
Element 

- Relatively simple 
- Nonlinearity defined based on the 
hysteretic rule with clear physical 
meanings 
- Able to estimate strains and 
stresses 
- Can be used for analysis of 
coupled bi-directional response 

- In general, several elements per 
column are necessary to obtain 
acceptable estimation of the 
response 
- Appropriate number of elements 
should be defined iteratively 

4. SIMPLIFIED NONLINEAR ANALYSIS - PUSHOVER METHODS 
To simplify the inelastic analysis, and to make it convenient for everyday design, several 

simplified nonlinear analysis methods have been developed. They are so called pushover 
methods. There are several methods of this type available. The simplest methods are so called 
single mode methods. One of the main assumptions of these methods is that the response of a 
structure is governed mostly by one predominant mode. The typical representative of this 
group is the N2 method [2], which is included in the Eurocode standard. This method is 
described in the Section 4.1. 
For long bridges (with the total length of 500 m and longer) the response can be considerably 
influenced by higher modes of vibration. In those cases, the single mode methods are less 
accurate, and multimode pushover methods can be used instead. Different multimode methods 
take into account the influence of the higher modes in different ways. Some of them suppose 
that the mode shapes do not change significantly when the seismic intensity is changed. These 
are so called nonadaptive methods.  Typical example is the MPA method [4] described in the 
Section 4.2. 

The mode shapes in certain structures (like relatively short bridges with rollers at the 
abutments) can change at different seismic intensity levels. For the analysis of such structures, 
the adaptive pushover methods, which can take into account changes of the mode shapes, can 
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be used. Typical examples of this group of methods are the ACSM method and the IRSA 
method. Their description can be found in [5] and [6]. 

4.1  THE SINGLE-MODE NONADAPTIVE N2 METHOD  

The N2 method was developed by P. Fajfar and his associates at the University of 
Ljubljana. Initially, it was proposed for the design of buildings in 1987 [16]. The method was 
generalized based on the Q-model proposed by Saiidi and Sozen [27]. 

It took many years that the N2 method was fully recognized and finally included into the 
European standards. It has been improved and generalized, e.g. it has been applied for special 
types of buildings like infilled frames [28] and for 3D analyses [29]. First applications of this 
method for bridges were published in mid nineties [30].  

The name N2 method describes its basic features. N stands for the nonlinear analysis, and 2 
for the two models and two types of analysis: 1) nonlinear static analysis of the actual multi-
degree-of-freedom model (MDOF model) of the structure, and 2) nonlinear dynamic analysis 
of its simplified single-degree-of-freedom model (SDOF model). The nonlinear static analysis 
is used to define the properties of the structure, such as stiffness, which are further needed to 
define an equivalent SDOF model, used for the nonlinear dynamic analysis. The basic steps of 
the N2 method are summarized in Section 4.1.1. 

It has been realized ([31], [32]) that in the application of the N2 method, as well as all other 
similar procedures, which were originally developed for buildings, one should take into 
account special characteristics of the bridge structural system. It is also important to realize the 
basic concepts and the limitations of the method. The modifications of the method, which are 
appropriate for the analysis of bridges, are described in Section 4.1.2. 

The N2 method is a typical single mode non-adaptive pushover method. Although it is 
appropriate for the analysis of the majority of the bridges, it has limitations. Since it is single-
mode method, it can take into account the predominant influence of only one vibration mode. 
Therefore, it is appropriate for the analysis of bridges, where the influence of the higher modes 
is not very important. The method is nonadaptive, which means that it cannot take into account 
significant changes of the predominant mode of vibration. Therefore, it is suitable for the 
analysis of bridges where the predominant mode is not expected to change significantly. The 
limitations of the method, when it is used for the analysis of bridges, are analysed in Section 
4.1.3. 

4.1.1 Short description of the N2 method 

The basic steps of the N2 method are outlined below and summarized in Figure 18: 
1) First, the MDOF model of the structure is defined. 
2) The MDOF model is subjected to the lateral static (inertial) load, which is gradually 

increased and the displacement of the superstructure is monitored (pushover analysis is 
performed),  

3) Based on this analysis the force-displacement relationship is defined (the total base shear 
versus displacement at a chosen position is defined and pushover curve is constructed),  

4) The results of the third step are used to define an equivalent SDOF model of the 
structure, which is further used for the nonlinear dynamic analysis, 

5) The nonlinear dynamic analysis is performed using the nonlinear response spectra that 
can be defined based on the standard elastic response spectra.  
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6) The result of the nonlinear dynamic analysis is the maximum displacement of the bridge 
at the chosen position, corresponding to the selected seismic intensity. 

7) Considering the maximum displacement, defined by the nonlinear dynamic analysis, the 
MDOF model is pushed again with forces defined in the 2nd step and different aspects of the 
bridge response are analysed. 

The detailed explanation of each step can be found elsewhere [33]. 
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Figure 18 -  Basic steps of the N2-method 
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4.1.2 Application of the N2 method for the analysis of bridges 
The N2 method was originally developed for the analysis of buildings. Therefore, it should 

be modified for the analysis of bridges. In this Section, the appropriate modifications are 
summarized and briefly described. Further details can be found in [32] and [34]. The 
modifications required for work with bridges are: 

1) The distribution of lateral forces along the superstructure (2nd step in Section 4.1.1)  
2) The choice of the point where the displacements are monitored to obtain the force-

displacement relationship (3rd step in Section 4.1.1), 
3) Idealization of the force-displacement curve, and calculation of yielding force Fy* and 

yielding displacement Dy* (4th step in Section 4.1.1). 
1) In the 2nd step of the N2 method (Section 4.1.1), the MDOF model of the structure is 

subjected to the static lateral load (inertial forces). The distribution of the inertial forces (lateral 
load) should be assumed before the nonlinear static analysis is performed. Some of the 
distributions appropriate for bridges are summarized in Figure 19.  Note that two extreme cases 
of the constraints above the abutments are addressed. In the Annex H of standard EC8/2 two 
possible distributions are proposed: a) distribution proportional to the 1st mode of the bridge in 
the elastic range, and b) uniform distribution (see Figures 19(1)a and 19(1)b). The first 
distribution can be defined based on a simple modal analysis with some of the standard 
programs for elastic modal analysis.  

In the previous research [31], [32], it was found that the parabolic distribution (Figure 
19(1)c) is appropriate for bridges that are pinned at the abutments. This distribution is simpler 
to define than that proportional to the first mode. Using the parabolic distribution, for many 
bridges the results of the N2 method and the inelastic response history analysis correspond 
better than in the case of the uniform distribution. 
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Figure 19 -  Distributions of the lateral load, appropriate for bridges that are 1) pinned at the 

abutments, 2) with roller supports at the abutments 
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For bridges with roller supports at the abutments, the uniform distribution as well as that 
proportional to the most important mode, corresponding to certain seismic intensity (see Figure 
19(2)a) can be used. For bridges with short stiff central columns, the second solution demands 
iterations, since the most important mode can change with the intensity of the load. In general, 
it is recommended to use two different distributions of inertial forces and to take into account 
the envelope of the related response. 

The distribution of the lateral load does not influence only the shape of the displacements of 
the superstructure, but also the value of the maximum displacement. This is illustrated in 
Figure 20, on the example of the bridge, shown in Figure 23. The displacements were 
determined using three different distributions of the inertial forces, shown in Figure 19(1). 
Results of using the N2 method (dashed line) are compared with the results of the nonlinear 
time history analysis (solid line). Two seismic intensities were taken into account. 

In the central part of the bridge, the largest displacements were obtained when the 
distribution proportional to the 1st mode is considered. The displacements in the regions close 
to the abutments were the largest in the case of the uniform load distribution. The parabolic 
distribution resulted in the deflection line in between. 

0

5

10

15

20

0 200 400 600
koordinata [m]

pomik. 
[cm]

0

5

10

15

20

0 200 400 600
koordinata [m]

pomik. 
[cm]

0

5

10

15

20

0 200 400 600
koordinata [m]

pomik. 
[cm]

0
5

10
15
20
25
30
35

0 200 400 600
koordinata [m]

pomik. 
[cm]

0
5

10
15
20
25
30
35

0 200 400 600
koordinata [m]

pomik. 
[cm]

0
5

10
15
20
25
30
35

0 200 400 600
koordinata [m]

pomik. 
[cm]

šibkejši potres
1. nih. oblika                           enakomerna             paraboli�na

mo�nejši potres
1. nih. oblika                           enakomerna             paraboli�na

station [m] station [m] station [m]

station [m]station [m] station [m]

displ. 
[cm]

displ. 
[cm]

displ. 
[cm]

displ. 
[cm]

displ. 
[cm]

displ. 
[cm]

1. mode

1. mode

weak earthquake 

uniform parabolic

parabolic
strong earthquake 

uniform 

 
Figure 20 -  Results of the N2 method (dashed line) compared with the results of the NRHA 
(solid line); three distributions of the lateral forces and two seismic intensities (peak ground 

acceleration of 0.25g and 0.5g) were taken into account 

2) One of the crucial steps in the application of the N2 method is the static nonlinear 
analysis of the MDOF system. Based on this analysis, the force-displacement relationship is 
determined, which is further used to define the properties of the equivalent SDOF system. 

The force-displacement relationship is determined by monitoring changes of displacement 
at a certain position in the structure caused by the gradual increase of the lateral load. In 



206

buildings, the changes of the displacement are usually monitored at the top of the building. In 
bridges, the choice of many researchers is to monitor the displacements at the top of a chosen 
column. However, in the irregular viaducts it is not clear which is the appropriate column. The 
authors propose that the structure should be viewed as a flexibly supported beam and that the 
maximum displacement of that beam should be monitored. 

In bridges supported by very short and stiff columns close to the centre of the 
superstructure, the monitoring point defined in this way can differ considerably from what is 
proposed in the EC8/2. More details on this can be found in [32] and in [34]. 

3) Idealization of the base shear-displacement relationship is one of the basic steps of the 
N2 method, since it influences the stiffness of the equivalent SDOF model and the value of the 
maximum displacement. When this stiffness is not adequately estimated, the actual and 
estimated maximum displacement can be very different ([32], [34]). 

Elasto-plastic idealisation is typically used. However, viaducts pinned at the abutments, act 
as a linear beam after all the columns yielded. Consequently, the pushover curve exhibits 
considerable hardening slope, which should be taken into account. 

The force-displacement relationship is usually simplified using the equal energy principle 
for idealized and actual curves. Since the energy depends on the reached maximum 
displacement, which is not known at the moment of the idealization, the authors’ opinion is 
that iterations are necessary. In the majority of cases, only one iteration is needed. 

In the annex H of the EC8/2, it is proposed to estimate the maximum displacement using 
the results of the elastic analysis. This solution is very convenient at the first glance. However, 
to estimate the displacement in the nonlinear range properly, the reduced column stiffness, 
corresponding to the certain level of the seismic load, should be assumed. Often, this procedure 
also demands iterations, since it is quite difficult to estimate the effective stiffness of columns 
adequately, particularly in bridges that are supported by columns of very different heights 
(stiffness). Consequently, the calculation can be more time consuming than that proposed by 
the authors of this paper. 

4.1.3 Limitations of the N2 method and the criterion, defining the scope of its application 

The N2 method can be used successfully for analysis of the majority of bridges. An 
example of a good estimation of the bridge seismic response is illustrated in Figure 21, where 
the displacements calculated by the N2 method and NRHA are compared. The response of the 
presented bridge is influenced by one predominant mode, which does not change considerably 
with seismic intensity. 

However, since the N2 method significantly simplifies the nonlinear seismic analysis, it has 
certain limitations. It can be used for the analysis of structures, where the influence of the 
higher modes is not important and the predominant mode does not significantly change when 
the intensity of seismic load changes. In the previous research ([31], [32], [34]), it was found 
that the method estimates the response well if the response is predominantly influenced by one 
mode, which has the effective mass at least 80% of the total mass of the structure. 

For short and intermediate length bridges, the accuracy of the N2 method can depend upon 
the seismic intensity. Usually the higher intensity leads to better accuracy. An example of such 
a bridge is shown in Figure 22(a). In the elastic range, the computed response of this bridge is 
influenced by two modes (Figure 22(b)). Consequently, the results of the N2 method (dashed 
line in Figure 22(c)) do not agree well with the results of the nonlinear response-history 
analysis – NRHA (solid line in Figure 22(c)). However, when the seismic intensity is 
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increased, the computed response becomes influenced by only one dominating mode, and the 
results of the N2 method agree better with the results of the nonlinear response-history analysis 
(Figure 22(d)). 
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However, it is not always the case that the accuracy of N2 method improves at the higher 
seismic intensities. There are certain types of bridges, reported in [35], [36], where the 
accuracy of the method decreases with the intensity of seismic load. 

The N2 method is, in general, more accurate in the case of short bridges. In the previous 
research [34], it was found that for long bridges, because of the flexibility of the superstructure 
(due to its considerable length), the response is often influenced by higher modes, even if a 
bridge is supported by relatively flexible columns. The length of such bridges is typically 500 
m and longer. The N2 method is less accurate in these cases. Multimode pushover methods can 
be used, or such bridges can be analysed by the nonlinear time-history methods. 

In summary, the response of the described viaducts is governed by one mode if: 
a) The stiffness of the superstructure is large compared to that of the columns. In such 

bridges the superstructure governs the response. This is typical for viaducts which are not too 
long and which are not supported by very short columns. 

b) The stiffness (height) of the columns does not vary appreciably. That is, if a bridge is 
supported by columns of very different heights, each column will tend to move in its natural 
mode. When the superstructure is not stiff enough to constrain the overall response, the 
response is influenced by higher modes.  

Further details about the applicability of the N2 method can be found in [31] - [34]. 

4.2  MULTIMODE PUSHOVER ANALYSIS (MPA) METHOD 

4.2.1 Short description of the method  

The MPA method  was proposed in [4]. Later it was modified by the authors of the method 
[37] and other researchers, e.g. [38]-[40], who have been focused on the seismic response of 
bridges. It is simplified nonlinear pushover method, which can take into account the influence 
of the higher modes to the seismic response of structures. The calculation procedure is similar 
to that of the N2 method, described in the Section 4.1.  

One of the main differences between the MPA and the N2 method is in the assumed 
distribution of the lateral load. In the MPA method, this distribution is not assumed. Forces are 
taken to be proportional to the mode shape, which is considered in the analysis. The mode 
shapes are obtained by the elastic analysis. The complete calculation procedure (presented in 
Section 4.1) is repeated taking into account each important mode separately. Then, the 
contributions of individual modes are combined using the SRSS or CQC combination rule. 

Another difference between the N2 method and the MPA method is related to the choice of 
the point, where the displacements are monitored. In the MPA, the displacements can be 
monitored anywhere along the superstructure, so far the mode shapes do not considerably 
change, because in the MPA method the shape factor is taken into account [4]. However, when 
the mode shapes considerably change at different load intensities, the appropriate choice of the 
monitoring point is as important as in the N2 method [32]. In such cases, the ratio of 
displacement along the superstructure is variable, and the constant shape factor used in the 
method cannot take into account these changes. Therefore, in such bridges the authors of the 
paper recommend to monitor the maximum displacement of the superstructure wherever it is in 
the same way as in the N2 method (see the comment in Section 4.1). 
The results of the MPA can be considerably improved taking into account modifications 
proposed by Kappos, Paraskeva and Sextos [38]-[40]. 



209

The MPA method can be used for the majority of bridges, where single mode methods (the 
N2 method) are less accurate,  e.g. for very long bridges (when the length of the bridge is 500 
m and longer). For such bridges, the influence of the higher modes is usually important, 
particularly when the bridge is supported by short (stiff) columns. Although the stiffness of 
these columns is considerably reduced when they start to yield, it is still high relative to the low 
stiffness of flexible (long) superstructure. When the mode shapes of such bridges do not 
change significantly, their response can be estimated well using the MPA method. 

An example is presented in Figure 23. The displacements of the bridge calculated by the 
MPA and the NRHA methods are compared for two seismic intensity levels. The match 
between the MPA and NRHA is good, particularly for the weak seismic intensity, since the 
mode shapes are close to the initial mode shapes corresponding to the elastic range. For the 
strong earthquake, the results of the MPA and NRHA methods still agree reasonably well, 
since the mode shapes do not considerably change relative to the elastic range of response. 
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Figure 23 -  For long bridges with common pier configuration, the accuracy of the MPA 

(dotted line) is good(results of the NRHA are shown by the solid line) 

4.2.2 Limitations of the MPA method 

The MPA method is nonadaptive pushover method. This means that it cannot take into 
account changes of the mode shapes which can occur in the bridge due to the changes of the 
column stiffness under different seismic intensity levels. The amount of cracking and yielding 
in columns with very different properties (heights) can be very different and this is, in general, 
the main reason for considerable changes of the mode shapes. The nonadaptive character of the 
MPA method is the main source of its limitations [34]. 
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5. CONCLUDING REMARKS 
Modern earthquake resistant design codes, like Eurocode, recognize the differences in the 
seismic response of buildings and bridges. Therefore, a special part Eurocode 8/2 (EC8/2) is 
devoted to the design of bridges. The design philosophy in EC8/2 is based on the explicit 
reduction of the seismic forces, to represent nonlinear nature of the response, capacity design 
procedure, and special construction details of the piers to ensure the required ductility of the 
bridge structures.  

The type of the design for seismic resistance of a bridge can be chosen by the designer, 
based on the owner’s requirements. Two different approaches are defined: a) ductile, and b) 
limited ductile. The capacity design procedure is used to ensure the hierarchy in the strength of 
various structural components, necessary for realization of the plastic hinges and for avoiding 
brittle shear failure in the ductile structures. For ductile structures, EC8/2 requires also special 
construction details to avoid the brittle failure of columns due to insufficient confining and 
buckling of the longitudinal compression reinforcement. 

For irregular bridges (with columns of different stiffness and strength), the EC8/2 requires 
the behaviour factor q (amount of the reduction of forces) to be reduced. Otherwise, the 
nonlinear analysis should be used to check the results of the elastic analysis.  
The standard introduces into the design practice the nonlinear response history analysis 
(NRHA) as well as simplified pushover nonlinear methods. In this paper, some numerical 
models that can be used for the NRHA have been described and compared. The simple macro 
models have been found to be more suitable for the design practice relative to the more refined 
micro models, unless some data about the local seismic demand of structure is needed (like 
response of some links etc.). Macro elements are simpler, fewer input data are needed, the 
analysis of the results is less complex and less time consuming. 

To simplify the nonlinear analysis, the pushover methods have been introduced into the 
design practice. The EC8/2 includes the N2 method, which is a typical representative of the 
single mode nonadaptive pushover methods. It can be used for the analysis of many common 
bridge configurations, when the response is governed by one predominant mode, which does 
not change considerably with the levels of seismic intensity. For longer bridges (with total 
length in excess of 500 m), multimode pushover methods or NRHA should be employed. One 
of the nonadaptive multimode pushover methods - MPA is also briefly described in this paper.  

 
5.1 Advanced modelling and excitation 
 
As already noted, in the examples presented in the paper, only the elementary excitation 

and numerical models of bridge structures are discussed. The out-of-plane response of planar 
(straight) bridges with plastic deformations limited only to columns and bridges excited by 
synchronous ground motion at all supports are analyzed. In all presented cases, the elastic shear 
response of columns is taken into account. In general, it can be concluded that the presented 
discussion is related to bridges, which are most frequent in the design practice. 

Within the scope of this paper we have not addressed some specific problems, such as:  
1) Design of more complex as well as older bridges. The recommendations presented, e.g in 

[9], [41], for modelling different kind of structural elements typical for bridges (abutments, 
shear keys, bearings, links, etc.) can be taken into account. For the assessment, strengthening 
and retrofit of older bridges, some requirements of the Eurocode 8/3 [42] can be used. For the 
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analysis of bridges where the inelastic shear behaviour is important, recommendations 
presented in e.g. [9], [42-45] can be employed.   

2) The effects of soil-structure interaction, and the consequences of excitation by  
-3D strong ground motion (three translations and three rotations). More details about these 

effects can be found in [46, 47].  
- Seismic wave propagation effects for long bridges. Comprehensive studies of these effects 

can be found in [48 – 55]. In Europe, this topic is regulated by the standard EC8/2.  
(3) Base isolation of bridges. Theory and basic features of the isolated structures are, in 

general, very well covered by [56]. The base isolation of bridges is addressed in [9] and [57], 
and finally it should be mentioned that in Europe it is regulated by the standard EC8/2.      
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MAKSIMALNA UBRZANJA NA SPRATOVIMA 
VIŠESPRATNIH ZGRADA 

Rezime 
 
Za obezbe)enje sigurnost krutih nenose*ih komponenti u konstrukcijama zgrada važno je 
ta(no i jednostavno odrediti najve*a ubrzanja na spratovina gde se ove komponente nalaze, 
za odredjen seizmi(ki hazard. Nedavno predloženo pravilo, na bazi superpozicije 
karakteristi(nih funkcija konstrukcije, je dalje usavršeno (ime se postiže ta(nija ocena u 
slu(ajevima kad silno pomeranje sadrži duge periode. Numeri(ke analize pokazuju da 
predloženo pravilo daje ta(nije ocene u pore)enju sa popularnom CQC metodom, kada se 
uzimaju u obzir samo nekoliko osnovnih tonova i kada je perioda konstrukcije kra*a od 
periode silnog pomeranja. Za konzervativnije ocene, verzije predložene metode bazirane na 
SRSS varijanti, dobijene zanemarivanjem ma)usobnih korelacija, mogu se koristiti kad 
zgrada ima kra*i period od periode silnog omeranja.  

Klju"ne re"i: Krute nenose�e komponente, maksimalne akceleracije na spratovima, pravila 
za kombinaciju tonova vibracija, pseudo-spektralna ubrzanja. 
 

PEAK FLOOR ACCELERATIONS IN MULTISTORIED 
BUILDINGS 

Summary 
 
To ensure the safety of rigid nonstructural components in structural systems it is important to 
correctly estimate largest peak accelerations of the floors to which those are attached, for the 
specified seismic hazard, in a simple manner. A recently proposed modal combination rule is 
modified here for more accurate estimation in the case of long-period ground motions. A 
numerical study shows that the proposed rule gives more accurate estimates than the popular 
CQC rule when only the first few modes are considered and/or the structural system is stiff to 
the ground motion. For more conservative estimates, the SRSS-type variants of the proposed 
method obtained after ignoring cross-correlation terms may be used, provided the building is 
not flexible with respect to the ground motion.  
Key words: rigid nonstructural components, peak floor accelerations, modal combination 
rule, pseudo spectral acceleration spectrum. 
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1 INTRODUCTION  
Safety of nonstructural components in a building, like masonry panels, parapets, chimneys, 

storage tanks, escalators, and pipes, against seismic hazard has received considerable attention 
of the earthquake engineering profession in the last 10–15 years. There have been numerous 
cases of large damage to these components, even when the damage to the main skeletons was 
not significant. Damage to nonstructural components poses serious threat to the lives of the 
building occupants besides causing heavy financial losses.  

Nonstructural components are subjected to the (absolute) accelerations of the floors on 
which those are supported, and thus to amplified ground motions, depending on the building 
characteristics and the location of the floor. If nonstructural components are sufficiently stiff to 
vibrate in phase with their attachment points, it is desirable for their design to properly estimate 
the largest peak values of the floor accelerations consistent with the specified seismic hazard.  

Despite the efforts made in the past 10 years to improve the code provisions to avoid 
damage to the nonstructural components, much still remains to be done. The present code 
provisions (see, for example, [1]) have been shown by Taghavi and Miranda [2] and Singh et 
al. [3] to be leading to too conservative estimates. Those have yet to become rigorous enough 
despite significant research efforts, e.g. those by Singh et al. [3, 4], Villaverde [5], and Soong 
et al. [6]. Estimation of linear response of nonstructural components and the supporting 
structure from the elastic pseudo-spectral acceleration (PSA) spectrum of the input excitation 
continues to form the basis of codal provisions, and thus there is a case for the future research 
to focus on the response-spectrum based estimation of largest peak in (linear) floor acceleration 
response and on developing appropriate modal combination rules. 

Except for the modal combination rule proposed recently by Kumari and Gupta [7], no 
modal combination rule has been derived till date to predict the peak floor accelerations in a 
structural system by directly using the response spectrum ordinates. The modal combination 
rules proposed in the past, e.g. those by Goodman et al. [8], Rosenblueth and Elorduy [9], 
Wilson et al. [10], Singh and Mehta [11] can be used for this purpose, because absolute 
acceleration response of a floor can be described by a linear superposition of (absolute) 
acceleration responses in different modes, but this is true only when all modes are considered. 
Peak floor accelerations may be considered as zero-period ordinates of floor response spectra, 
which are PSA ordinates corresponding to the floor motions, and thus the response spectrum-
based formulations by Singh [12], Der Kiureghian et al. [13], Singh and Sharma [14], Igusa 
and Der Kiureghian [15], Suarez and Singh [16], Singh et al. [3] can be used to estimate the 
peak floor accelerations (see [7] for further details). However, availability of a modal 
combination rule is always desirable for estimating the peak floor accelerations in terms of the 
PSA ordinates and modal properties of a linear structural system. The modal combination rule 
proposed by Kumari and Gupta [7], along with its simpler variants on the lines of SRSS 
(Square-Root-of-Sum-of-Squares) rule [8], address this need, but this rule is suitable only when 
the structural system is not too stiff or flexible to the given ground motion. 

This study considers modification of the modal combination rule by Kumari and Gupta [7] 
to make it applicable for those structures that are stiff with respect to the input ground motion. 
A numerical study is also carried out to evaluate the relative performances of the modified rule 
and its simpler variants (on the lines of SRSS rule) over other approximate methods in 
estimating peak floor accelerations from the input response spectrum. The other approximate 
methods considered are: (i) the method by Singh et al. [3], due to its simplicity and 
demonstrated superiority over previous code-based methods, and (ii) the CQC rule [10], due to 
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its greater popularity among the earlier modal combination rules. The numerical study is 
carried out by considering three example buildings and six example ground motions. 

It may be noted that the majority of the methods developed so far for the estimation of floor 
response analyses have neglected the role of soil-structure interaction (SSI). In this paper also 
the role of SSI is assumed to be negligible and examples are given for the floor motions of 
buildings with fixed base. This approach will lead to accurate results only for the buildings 
founded on geological basement rock, when the system frequency systemf  is approximately 
equal to the fundamental frequency 1f  of the fixed-base building [17, 18]. For the buildings 
founded on typical soils, found in many urban areas, systemf < 1f , and hence the formulation 
presented in this paper will give only approximate estimates of the floor accelerations. It is 
possible to formulate the floor accelerations based on superposition principles within the 
theoretical framework discussed by Gupta [19], and considering the effects of SSI, as shown by 
Ray Chaudhuri and Gupta [20] in the case of floor response spectra based on mode 
acceleration approach. However, the discussion of those methods is beyond the scope of this 
paper. 

2 FORMULATION OF THE PROPOSED RULE    

2.1 FORMULATION BY KUMARI AND GUPTA [7] 

We consider a symmetric shear building, where masses are lumped at the floors as im , 
1, 2,...,i n	 , and massless columns provide the lateral stiffness with story stiffnesses as ik , 
1, 2,...,i n	  (see Figure 1). The building is classically damped with interstory viscous dampers 

of damping constants ic , 1, 2,...,i n	 , and is subjected to ground acceleration ( )z t��  at its base. 
Let j>  and j@  denote the natural frequency and damping ratio, respectively, of this system in 
the jth mode. The modal participation factor in this mode becomes j� 	  

� �2( ) ( )

1 1

n n
j j

i i i i
i i

m mH H
	 	
/ /  , where ( )j

iH  is the ith element of the jth mode shape vector. 

On assuming stationarity in the excitation and response, the power spectral density function 
(PSDF) of a response may be obtained by multiplying the PSDF of the excitation with the 
squared modulus of the corresponding transfer function. On computing moments of the PSDF 
of the process, root-mean-square (r.m.s.) value of the process and peak factors for the largest 
peak amplitude may be estimated, which lead to the largest peak of the response process on 
multiplication. The largest peak amplitude so obtained is multiplied with a nonstationarity 
factor [19] in order to account for the fact that the response process is not a stationary process. 
Thus, the largest peak amplitude of the absolute acceleration response of the ith floor may be 
expressed as [7] 
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Figure 1- Shear Building Model of n-Storied Building. 
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where, jkC  and jkD  are the coefficients given in terms of j@ , k@  and k j k jf > >	 O  as  
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with  

    � �� � � �� � � �2 42 2 2 2 2 2 2 2 2 2 28 1 2 1jk k j j k k j k j k j j k k j k jB f f f f f@ @ @ @ @ @& #	 � � � � � � �$ !% "
                 (4) 

Further, in Equation (1) ia�  and ia9  respectively denote the peak factor and nonstationarity 
factor for maxia M ; G�  and G9  respectively denote the peak factor and nonstationarity factor for 

the largest peak amplitude PGA  of the ground acceleration process ( )z t�� ; V
j�  and V

j9  
respectively denote the peak factor and nonstationarity factor for the largest peak amplitude 

jSV  of the relative velocity response process of the single-degree-of-freedom (SDOF) 
oscillator (with j>  frequency and j@  damping ratio) in the jth mode, in response to ( )z t�� ; and 

A
j�  and A

j9  respectively denote the peak factor and nonstationarity factor for the largest peak 
amplitude jRSA  of the relative acceleration response process of the single-degree-of-freedom 
(SDOF) oscillator in the jth mode, in response to ( )z t�� . It may be mentioned that maxia M  is for 

the same level of confidence [19] to which ia�  corresponds, PGA  for the confidence level to 
which G�  corresponds, jSV  for the confidence level to which V

j�  corresponds, and jRSA  is 

for the same confidence level to which A
j�  corresponds. 

Assuming that maxia M , PGA , jSV , and jRSA  are estimated for the same level of confidence, 
various �  and 9  ratios can be taken as unity in Equation (5) [7] and Equation (1) may be 
rewritten as 
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It is possible to use this expression to estimate the largest floor acceleration at the ith floor 
consistent with the seismic design levels at a site characterized by the available PGA, Spectral 
Velocity (SV), and Relative Spectral Acceleration (RSA) curves. On using Pseudo-Spectral 
Velocity (PSV) curves in place of the SV curves as per the existing engineering practice and 
PRSA (Pseudo-Relative Spectral Acceleration) curves in place of the RSA curves [21], the 
modal combination rule proposed by Kumari and Gupta [7] becomes   
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/                                                 (6) 

or, depending on how the mean period cT  of ground motion (corresponding to the centre of 
gravity of the Fourier spectrum of ground motion [21]) compares with the natural periods of 
the system, jT  (= 2 j< >O ), 1,2,...,j n	 ,  



222

1
2

1
2

1
2

2 ( ) 2
max max 1

1

2 ( ) 2
max

1

ˆ
2 ( ) ( ) 2

ˆ ˆmax 1
ˆ1 1

1 2

1 2

1 2 2

n
j

i i j i c
j

n
j

i j i n c
j

n n
j j

i j i j i n c n
j j n

a PGA ra T T

PGA ra T T

PGA ra T T T

H �

H �

H � H �

M M
	

M
	

M �
	 	 �

& #� �
C � � P ;$ !� 
$ !� �% "

& #� �
	 � � P -$ !� 
$ !� �% "

& #� �
	 � � � P ; ;$ !� 
$ !� �% "

/

/

/ /

                                 (7) 

where  
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A simpler variant, called as Quasi-SRSS rule, is obtained by ignoring the cross-correlation 
between the ground acceleration and the relative floor acceleration [7]:   

                                            
1
22 2

max maxi ia PGA raM M& #C �% "                                                              (9) 
On ignoring the cross-correlation of the jth mode with the remaining 1n �  modes (in the 
relative acceleration response), a further simpler variant, called as SRSS rule, is obtained as 
[7]: 
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2.2 SV APPROXIMATION BY GUPTA [22] 

The SV values for short periods (i.e. periods shorter than the mean period cT  of the ground 
motion) may be approximated more accurately as [22]  

                                          4 52 21( ) ( )
n

SV T PSA T PGA
>

C �                                                 (11) 

in place of 

              ( )( )
n

PSA TSV T
>

C                                                                                    (12)                     

The approximation for the SV values at periods longer than the mean period cT  may be 
considered same as in Equation (12). 

2.3 PROPOSED RULE AND ITS VARIANTS 

On considering Equation (5) together with the RSA approximation (in form of PRSA 
curves) of Trifunac and Gupta [21], and on using Equation (11) for periods shorter than cT  and 
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Equation (12) for periods longer than cT , the proposed modal combination rule (for the peak 
floor acceleration response) becomes for first � �p n�  modes and with ˆ1 n p� ;  as 
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The Quasi-SRSS variant of the proposed rule is again described by Equation (9), with maxira M  
obtained by using Equation (14). The SRSS variant of the proposed rule is also described again 
by Equation (10). This may be alternatively expressed as   
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3 OTHER APPROXIMATE METHODS 

3.1 CQC RULE 

According to the CQC rule, the largest peak amplitude of the absolute acceleration response 
of the ith floor may be approximated as [10]  

 
1/ 2

,max ,max ,max
1 1

p p

i jk ji ki
j k

a a a�
	 	

& #
C $ !
% "
//                                                                 (16) 

with 
 ( )

,max
q

qi q i qa PSA� HC                                                                                              (17) 
denoting the largest peak amplitude of the contribution of the qth mode to the total floor 
acceleration and 
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denoting the correlation coefficient between the jth and kth modes. In Equation (18), jk9  
( j k> >	 O ) is the frequency ratio between the jth and kth modes.  

3.2 METHOD BY SINGH ET AL. [3] 

According to the simple method proposed by Singh et al. [3], the largest peak amplitude of 
the absolute acceleration response of the ith floor is approximated as 
 ,maxi ia C PGAC �                                                                                                  (19) 
where iC  is the acceleration coefficient for the ith floor. For n � 8 this coefficient is defined as 

 � �1 1i
i n

zC C
h

	 � �                                                                                               (20) 

with iz  denoting the height of the ith floor and h the height of the building above the base. nC  
is the acceleration coefficient for the roof level defined as 
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For n > 8, the acceleration coefficient is defined as 
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4 NUMERICAL EXAMPLES  

4.1 EXAMPLE BUILDINGS AND EXCITATIONS 

To illustrate the proposed rule and its variants and compare those with the other 
approximate methods, six earthquake ground motions and three (fixed-base) example buildings 
considered by Kumari and Gupta [7] are considered. Details of the example motions are listed 
in Table 1, and the values of floor masses and story stiffnesses for the example buildings are 
given in Table 2. The natural periods of the example buildings are given in Table 3.  

The example ground motions cover a wide range of energy distributions, with the dominant 
period varying from about 0.48 s in the Parkfield motion to about 5.5 s in the Borrego 
Mountain and San Fernando motions. The Michoacan motion is also a long-period motion with 
the dominant period of about 2.6 s. It also has a narrow band of 1.8–3 s of significant energy. 
The Imperial Valley and the Kern County motions are medium-period motions with dominant 
periods as 0.85 and 0.65 s, respectively. The Kern County motion has significant energy over a 
large band of 0.2–5 s. Among the remaining motions, the energy is concentrated in a narrow 
band of periods in the case of the San Fernando motion, fairly wide band in the case of the 
Imperial Valley motion, and in a medium band in the cases of Borrego Mountain and Parkfield 
motions. 

 

Table 1—Details of the Example Ground Motions 

Motion 
No. Earthquake Site Component Mean Period cT  (s) 

1 Borrego Mountain 
Earthquake, 1968 

Engineering 
Building, 

Santa Ana, Orange 
County, California 

S04E 0.38 

2 Imperial Valley 
Earthquake, 1940 

El Centro Site, 
Imperial 

Valley Irrigation 
District, California 

S00E 0.17 

3 Kern County 
Earthquake, 1952 

Taft Lincoln School 
Tunnel, California N21E 0.25 

4 Michoacan 
Earthquake, 1985 Mexico City Synthetic 0.96 

5 Parkfield 
Earthquake, 1966 

Array No. 5, 
Cholame, Shandon, 

California 
N05W 0.19 

6 San Fernando 
Earthquake, 1971 

Utilities Building, 
215 West 

Broadway, Long 
Beach, California 

N90E 0.39 
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Table 2—Mass and Stiffness Properties of the Example Buildings 

        
i  

Floor Mass im  (t) Story Stiffness ik  (kN/mm) 

BD1 BD2 BD3 BD1 BD2 BD3 

1 7,426 280 166 6650 525 290 

2 7,426 200 166 6260 536 290 

3 6,918 200 166 5880 536 290 

4 6,970 200 166 5880 536 290 

5 5,849 200 141 5510 536 290 

6 5,587 200 

 

5480 536 

 

7 5,569 200 5480 536 

8 4,063 200 5100 536 

9 3,678 200 5010 536 

10 3,678 200 5010 536 

11 3,678 200 4960 536 

12 3,415 200 4920 536 

13 3,415 200 4920 536 

14 2,855 200 4720 536 

15 2,469 200 4670 536 

16 2,469 

 

4670 

 

17 2,329 4610 

18 1,769 4220 

19 1,769 4220 

20 1,524 4260 

21 1,278 4240 

22 1,261 4260 

23 928 4250 

24 771 4420 
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Table 3—Natural Periods of the Example Buildings 

Mode No. 
Periods (s) 

BD1 BD2 BD3 

1 2.002 1.200 0.514 

2 0.804 0.402 0.177 

3 0.501 0.244 0.113 

4 0.360 0.177 0.089 

5 0.285 0.141 0.078 

6 0.233 0.118 

 

7 0.201 0.102 

8 0.175 0.090 

9 0.158 0.082 

10 0.143 0.075 

11 0.132 0.070 

12 0.124 0.067 

13 0.116 0.064 

14 0.112 0.062 

15 0.107 0.061 

16 0.102 

 

17 0.095 

18 0.090 

19 0.086 

20 0.081 

21 0.076 

22 0.069 

23 0.061 

24 0.052 
 

The example buildings cover the range of fundamental periods typically found in 
multistoried buildings to a large extent. On one extreme, the first example building, BD1, is 
very stiff to the San Fernando motion, stiff to the Michoacan and Borrego Mountain motions, 



228

flexible to the Imperial Valley and Kern County motions, and very flexible to the Parkfield 
motion. On the other extreme, the third example building, BD3, is very stiff to the Borrego 
Mountain, Michoacan and San Fernando motions, little stiff to Imperial Valley and Kern 
County motions, and is in near resonance with the Parkfield motion. The example buildings are 
assumed to be classically damped with the damping ratio of 0.05 in all modes.  

4.2 RESULTS AND DISCUSSION 

The performances of the proposed rule and its variants (SRSS and Quasi-SRSS) and the 
other two approximate methods are compared by subjecting the example buildings to the 
example ground motions. Estimates of peak floor accelerations are obtained from the (exact) 
time-history analyses and compared with the approximate estimates from: (i) the proposed rule 
(see Equations (13) and (14)), (ii) the SRSS variant (see Equation (15)), (iii) the Quasi-SRSS 
variant (see Equations (9) and (14)), (iv) the method by Singh et al. [3], and (v) the CQC rule. 
Table 4 shows the percentage absolute error averaged over all floors for all 18 combinations of 
example buildings and ground motions in the cases of these approximate methods. The average 
absolute errors are also shown for the modal combination rule proposed by Kumari and Gupta 
[7] (see Equations (7) and (8)). The maximum error figure with each of the approximate 
methods is underlined. The combinations with error figures in bold represent the worst cases 
(i.e. the cases of maximum error) for the proposed rule in the case of respective ground 
motions. The envelopes of floor accelerations for the five approximate methods are compared 
in Figures 2(a)–2(f) with the exact envelope for these cases. Figures 2(a), 2(c), 2(e) and 2(f) 
show the comparisons for BD1 in the cases of Borrego Mountain, Kern County, Parkfield and 
San Fernando motions, respectively. Figure 2(d) shows the comparisons for BD2 in the case of 
Michoacan motion, and Figure 2(b) shows the comparisons for BD3 in the case of Imperial 
Valley motion.  

It is clear from Table 4 that the performances of the proposed rule and the rule by Kumari 
and Gupta [7] are comparable for most cases. The proposed rule, however, reduces the error in 
the rule by Kumari and Gupta [7] for the combination of BD3 and Michoacan motion due to 
improved SV estimates at short periods. The performance of the proposed rule is also the best 
with the average error being less than 10% in most cases. However, the maximum average 
error of 25.59% observed in the case of BD1 subjected to the Parkfield motion indicates that 
the proposed rule may not work so well, like the rule by Kumari and Gupta [7], when the 
structural system is very flexible with respect to the ground motion. The performance of the 
CQC rule is also quite close to that of the proposed rule, with the maximum average error 
being 25.37% (in the case of BD1 subjected to the Parkfield motion). The notable difference 
between the performances of the two rules is in the case of BD3 subjected to the Michoacan 
motion, where the proposed rule is associated with 1.23% error, compared to 19.83% error for 
the CQC rule. Since BD3 is very stiff with respect to the Michoacan motion, the proposed rule 
may perform significantly better than the CQC rule for relatively very stiff systems. Table 4 
also shows that the simple method by Singh et al. [3] performs significantly better than the 
SRSS and Quasi-SRSS variants of the proposed rule, with the maximum average error being 
about 50% (in the case of BD2 subjected to the Michoacan motion). The Quasi-SRSS variant 
performs marginally better than the SRSS variant due to modal cross-correlation being weak in 
the example buildings considered. However, cross-correlation between the ground acceleration 
and the relative floor acceleration is strong and both variants perform poorly due to this having 
been ignored. The maximum average errors for both variants exceed 80%. It is noteworthy that 
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the simple SRSS variant (and the not-so-simple Quasi-SRSS variant) works better than the 
method by Singh et al. [3] for relatively stiff systems (see, for example, the results for the 
Michoacan motion) and may thus be a better alternative to this method, provided the structural 
system is not flexible with respect to the ground motion.  

Table 4 — Comparison of the Averaged Percentage Absolute Errors in 
 Peak Floor Acceleration from Different Methods 

Example Motion No. 1 
(BM) 

No. 2 
(IV) 

No. 3 
(KC) 

No. 4 
(MX) 

No. 5 
(PK) 

No. 6 
(SF) 

Example Building BD1 
Proposed* 11.63 7.89 11.88 3.51 25.59 9.88 

Kumari and Gupta+ 12.84 7.86 11.76 3.45 24.37 11.51 
SRSS** 28.77 59.00 39.69 5.02 56.31 24.82 

Quasi-SRSS*** 27.18 52.68 34.58 5.09 48.01 25.13 
Singh et al.++ 15.76 17.93 16.90 36.67 16.91 26.90 

CQC+++ 12.24 7.55 11.57 5.81 25.37 9.97 

Example Building BD2 

Proposed* 8.76 7.44 11.08 9.63 13.14 2.88 
Kumari and Gupta+ 8.80 7.00 11.81 10.66 13.58 4.06 

SRSS** 25.22 46.93 29.91 19.16 83.98 14.18 
Quasi-SRSS*** 27.01 49.76 31.99 18.84 82.58 15.68 

Singh et al.++ 46.11 32.66 21.03 50.06 37.57 41.27 
CQC+++ 10.19 6.81 10.70 12.80 11.57 4.47 

Example Building BD3 

Proposed* 7.91 11.18 3.28 1.23 3.87 1.05 
Kumari and Gupta+ 4.34 10.47 5.38 71.50 7.43 3.21 

SRSS** 10.45 6.23 14.35 1.21 18.41 10.02 
Quasi-SRSS*** 10.23 6.74 14.28 1.23 18.26 9.91 

Singh et al.++ 4.99 5.74 3.28 41.16 7.64 6.98 
CQC+++ 8.73 10.92 3.72 19.83 6.20 1.66 

Note: ‘BM’ refers to Borrego Mountain motion, ‘IV’ to Imperial Valley motion, ‘KC’ to 
Kern County motion, ‘MX’ to Michoacan motion, ‘PK’ to Parkfield motion, and ‘SF’ to 
San Fernando motion 

*Equations (13) and (14); **Equation (15); ***Equations (9) and (14) 
+Equations (7) and (8); ++Equations (19)–(22); +++Equations (16)–(18) 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 2 - Comparison of Floor Acceleration Envelopes for Exact (E), Proposed (P), SRSS (R), 
Quasi-SRSS (Q), Singh et al. [3] (S), and CQC (C) Estimates in the Cases of (a) BD1 and 
Borrego Mountain Motion, (b) BD3 and Imperial Valley Motion, (c) BD1 and Kern County 
Motion, (d) BD2 and Michoacan Motion, (e) BD1 and Parkfield Motion, and (f) BD1 and San 
Fernando Motion (see Equations (13) and (14) for Proposed Estimates, Equation (15) for 
SRSS Estimates, Equations (9) and (14) for Quasi-SRSS Estimates, Equations (19)–(22) for 
Singh et al. [3] Estimates, and Equations (16)–(18) for CQC Estimates). 

It is seen from Figures 2(a)–2(f) that the results of the proposed rule follow the exact results 
fairly well despite those being the worst cases for each ground motion. The results of the SRSS 
and Quasi-SRSS variants also follow the exact results but on the conservative side. It will be 
useful to see also how the error in peak floor acceleration is distributed for different 
approximate methods. Hence, a cumulative probability density function for percentage error in 
peak floor acceleration is estimated for each method based on all the 264 results for the three 
example buildings and six example motions, and by finding the fractions of those results that 
have percentage errors below different levels varying from –60 to 150. Figure 3 shows the 
comparison of the cumulative probability density functions for the proposed rule, its SRSS 
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variant, CQC rule, and the method by Singh et al. [3]. The cumulative probability density 
function for the Quasi-SRSS variant of the proposed rule is very close to that for the SRSS-
variant and is not included in this figure. It is clear from the figure that the errors due to the 
proposed and CQC rules are distributed almost identically. The probability of a negative error, 
i.e. the chance of peak floor acceleration being underestimated, is about 60% for both methods. 
Further, dispersion in the errors is maximum for the method by Singh et al. [3] with errors 
ranging from –55% to 120%. The SRSS variant of the proposed rule is associated with 
relatively lesser dispersion and with stray cases of small negative error. Thus, the estimates 
from the SRSS variant are likely to be on the conservative side much more often compared to 
those from the method by Singh et al. [3]. 

 

 
Figure 3 - Comparison of Cumulative Probability Density Functions for Percentage Error in 
Peak Floor Acceleration Estimate from the Proposed, SRSS-Variant and CQC Rules and from 
the Method by Singh et al. [3]. 

It follows from the above discussion that barring the case of structural system being stiff to 
the ground motion, the proposed and CQC rules perform at comparable levels, when all n 
modes are considered in estimating the peak floor accelerations. For most structural systems, 
however, first few modes dominate the total response, and modal combination rules are 
therefore applied by considering first p (<< n) modes only. It will be therefore useful to 
compare the performances of the proposed and CQC rules, for the condition of p < n, in terms 
of the additional error introduced due to considering fewer modes than n. Peak floor 
accelerations are recomputed for different numbers of modes (p = 1, 2, …, n), and the 
percentage absolute error (averaged over all floors) with respect to the exact values for p = n is 
computed for each of these cases for all 18 combinations of example buildings and excitations. 
Variation of the percentage absolute error with number of modes is compared for the proposed 
and CQC rules for each of these combinations. Figures 4(a)–4(f) show six such comparisons: 
Figures 4(b), 4(c) and 4(e) for BD1 in the cases of Imperial Valley, Kern County and Parkfield 
motions, respectively; Figures 4(a) and 4(f) for BD2 in the cases of Borrego Mountain and San 
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Fernando motions, respectively; and Figure 4(d) for BD3 in the case of Michoacan motion. For 
p = n, the errors indicated in these figures are same as those given in Table 4. It may be 
observed from these figures that, except for the first few modes, ignoring higher modes makes 
no difference to the errors associated with the proposed and CQC rules. The first few modes 
dominate the total response and, therefore, as these modes are ignored, the error due to the 
truncation of higher modes is usually increased. This increase is more in the case of CQC rule. 
For example, in the case of BD1 subjected to the Imperial Valley motion (see Figure 4(b)), the 
average absolute error grows from 7.9% to 43.1% for the proposed rule, while this error grows 
from 7.5% to 60% for the CQC rule, as the number of modes considered drops down to only 
the fundamental mode. This happens because the CQC rule considers the contribution of the 
base motion to the estimated peak floor acceleration in the form of separate modal 
contributions, and those contributions get ignored when all significant modes are not 
considered in the response calculations. Since the proposed rule considers the contribution of 
the base motion separately from the modal responses, this contribution is not affected by the 
truncation of higher modes.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4 - Comparison of Averaged Percentage Absolute Errors in Peak Floor Estimates from 
the Proposed and CQC Rules for Different Numbers of Modes Considered in the Cases of (a) 
BD2 and Borrego Mountain Motion, (b) BD1 and Imperial Valley Motion, (c) BD1 and Kern 
County Motion, (d) BD3 and Michoacan Motion, (e) BD1 and Parkfield Motion, and (f) BD2 
and San Fernando Motion. 
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5 CONCLUSIONS 
In this study, several methods available to estimate the maximum values of absolute 

accelerations of floors in a multistoried shear building have been illustrated and compared. The 
building is assumed to be a linear, lumped mass, classically damped, fixed-base system, which 
is excited at its base by the ground motion of given PSA spectrum. The methods considered 
are: (i) the modal combination rule by Kumari and Gupta [7], and its SRSS and Quasi-SRSS 
variants, (ii) the CQC rule, and (iii) the method by Singh et al. [3]. The modal combination rule 
by Kumari and Gupta [7] has been modified to include a more accurate approximation of 
spectral velocity ordinates proposed by Gupta [22] for stiff modes in the structural system. The 
proposed rule also requires the knowledge of the dynamic properties of the building (mode 
shapes, modal frequencies and modal participation factors), the PSA ordinates, and the mean 
period of the ground motion.  

A numerical study carried out with the help of three example buildings and six example 
ground motions with widely different characteristics has shown that the proposed rule 
improves the estimates of the modal combination rule by Kumari and Gupta [7] for the 
structural systems that are stiff to the ground motion. The absolute error averaged over various 
floors of the building has been found not to exceed 26%, and about 60% errors have been 
found to be less than 10%. It has been found that the extent of errors is significantly reduced in 
case the structural system is not flexible with respect to the ground motion. The probability of 
the estimates from the proposed rule being less than the exact values is, however, about 60%. 
The performance of the CQC rule has been found to be comparable to that of the proposed rule, 
when all modes are considered and the structural system is not stiff to the ground motion.  

It has been found that the simpler variants of the proposed modal combination rule, i.e. 
SRSS and Quasi-SRSS rules, perform better than the proposed and CQC rules, and the simple 
method by Singh et al. [3], to the extent that those almost always give conservative estimates. 
However, the errors may be as large as 200%. The method by Singh et al. [3] has been found to 
give estimates with lesser errors, with the maximum error being about 120%. However, there is 
about 30% probability that the estimates by this method are nonconservative. The SRSS and 
Quasi-SRSS variants of the proposed rule may be used when the structural system is not more 
flexible compared to the ground motion, and that the method by Singh et al. [3] may be used 
when the structural system is not stiffer compared to the ground motion.  

The above conclusions are based on a limited number of numerical examples and, 
therefore, are preliminary in nature. More exhaustive studies involving real-life multistoried 
buildings need to be carried out to confirm these conclusions and to further refine these 
methods. These further studies will require modeling of the existing buildings, where strong 
motion was recorded at different floors and where the recordings from multiple earthquakes are 
available, and testing of various methods for different amplitudes of excitation. An excellent 
candidate for such studies will be the Borik-2 building in Banja Luka, Republic of Srpska, 
where 20 small and intermediate earthquakes have been recorded in the basement and at the 
7th and 13th floors [23–25]. Testing of the above-described methods, based on the data 
recorded in this building, will be the subject of one of our future investigations. 
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SEIZMI�KA INTERAKCIJA ZGRADA-TLO: PREGLED LITERATURE 
 
Rezime: 
 
Posmatranja seizmi(kog dejstava pokazala su zna(ajno prisustvo interakcije zgrade sa 
podlogom, za zgrade fundirane na tlu. Potom su istraživanja pokazala da je ta 
interakcija jedna od najvažnijih predmeta u zemljotresnom inženjerstvu i da se mora 
uzeti u obzir u svim teoretskim, eksperimentalnim i projektantskim analizama. Ovaj 
rad daje pregled literature iz oblasti seizmi(ke interakcije zgrade i tla, sa osvrtom na 
impedance fundamenta, pomeranje polu-prostora sa fundamentom, nelinearne efekte, 
eksperimente na izvedenim objektima, probleme projektovanja itd. Pravci za nova 
istraživanja su istaknuti i literatura iz oblati interakcije je nabrojana. 
 
Klju"ne re"i: Interakcija zgrade i tla, impedance, odgovor polu-prostora, pregled 
literature 
 
SEISMIC SOIL-STRUCTURE INTERACTION: A REVIEW 
 
Summary: 
 
Earthquake observation has shown the significant presence of soil-structure interaction 
for structures founded on soil. Subsequent research has shown that soil-structure 
interaction is one the most fundamental topics in earthquake engineering, and that it 
should be considered in all theoretical, observational and design analyses. This paper 
reviews the seismic soil-structure interaction, including the impendence function of the 
foundation, site response of half-space with the foundation, nonlinear effect, full-scale 
experimental study, and design consideration, etc. Research needs are summarized and 
the key related references are listed.   
 
 
Key words: soil-structure interaction, impendence, site response, review 
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1  INTRODUCTION 

Seismic soil-structure interaction is usually considered in the seismic design of important 
structures like nuclear power plants, high-rise buildings, offshore platforms, large-scale bridges, 
underground structures, and dams. Theoretical and observational studies have confirmed the 
presence and the significance of soil-structure interaction for structures founded on soil during 
excitation by seismic ground motion. For structures on the bedrock, the seismic response 
depends mainly on the properties of the structures itself, and the excitation to the structures can 
be approximated by the free-field ground motion. For the structures on soft soil, the soil-
structure interaction will change the seismic response and the excitation to the structure, or in 
other words, the dynamic behavior of the soil-structure system is different from that for the 
structure on the bedrock, and the excitation to the structure is also different from the free-field 
ground motion.   

Studies of seismic soil-structure interaction can be traced back to the 1930s [1]. Since then 
many papers have been published dealing with this topic, including some review papers, e.g. 
Lysmer [2], Luco [3], Roesset and Tassoulas [4], Todorovska [5], and Trifunac [1]. This paper 
reviews some of those papers, which have been selected based on the author’s background and 
previous studies. 

2  CONCEPT 

Soil-structure interaction has been studied by theoretical and experimental methods, and 
through earthquake observation. The theoretical studies include direct, substructure, and hybrid 
methods, either in frequency or in time domain. By the direct method, soil-structure system is 
evaluated in one step (e.g. finite element method), whereas by the substructure method the 
problem is studied in two steps. In the first step, the responses of structure, foundation and soil 
are solved separately, and then the individual responses are combined to satisfy the interaction 
boundaries and the response of the complete system is obtained. Many studies are performed in 
frequency domain due to the following two reasons. First, it is convenient to consider the 
frequency-dependent impendence functions by the substructure method, and second, the 
transmitting boundaries for finite element models are frequency-dependent.  

To illustrate the concept of soil-structure interaction, we describe a simple model of a 
structure with rigid foundation over half-space for earthquake excitation by the substructure 
method and in frequency domain. For an example of a direct method, the readers may read the 
article by Seed and Lysmer [6]. 

As shown in Figure 1(a), the model can be decomposed into two substructures. The upper 
substructure includes the structure and the rigid foundation (Figure 1(b)), and the lower one is a 
massless rigid foundation over half-space excited by the incident waves (Figure 1(c)). The 
interaction between the two substructures is described by the generalized force  

{ ( )} { , , , , , }T

s x y z x y zF P P P M M M> 	       (1) 

where time factor ei>t is omitted. 
The lower substructure can further be decomposed into two problems. One is the response 

of the massless foundation over half-space under the generalized force (Figure 1(d)), which is 
usually called impendence problem; and another is the response of the massless foundation 
excited by the incident waves (Figure 1 (e)), called site response problem.    
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(a)                                               (b)                                              (c) 
 

 
(c)                                               (d)                                               (e) 

 
Figure 1 - Concept of soil-structure interaction 

 
In the impendence problem (Figure 1(d)), if the response of the massless foundation is 

denoted by  
{ ( )} { , , , , , }s s s s s s T

s x y z x y zU u u u> H H H	       (2) 
the relation between the response and the generalized force can be written as 

{ ( )} [ ( )]{ ( )}s sU C F> > >	        (3) 
where [C(>)] is the compliance matrix for the massless foundation. Equation (3) can also be 
written as  

{ ( )} [ ( )]{ ( )}s sF K U> > >	        (4) 
where [K(>)] is the impendence matrix for the massless foundation, and [K(>)]=[C(>)]-1. 

In the site response problem (Figure 1 (e)), the response of the massless foundation, called 
foundation input motion, may be denoted by 

* * * * * * *

0{ ( )} { , , , , , }T

x y z x y zU u u u> H H H	       (5) 
and  

* *

0 0{ ( )} [ ( )]{ ( )}U C F> > >	 �        (6) 
where {F0

*(>)} is called driving force, defined as the generalized force of the soil acting on 
the foundation when the foundation is fixed while excited by the incident waves. 
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Therefore, for the lower substructure (Figure 1(c)), the response of the foundation, {U0(>)}, 
under the generalized force and excited by the incident waves, can be obtained by 

* *

0 0 0{ ( )} { ( )} { ( )} [ ( )]({ ( )} { ( )})s sU U U C F F> > > > > >	 � 	 �    (7) 
For the upper substructure (Figure 1 (b)), the motion equation of the structure under the 

interaction generalized force {Fs(>)} can be expressed as   

0

0 00 0

[ ( )] [ ( )] { ( )} {0}

[ ( )] [ ( )] { ( )} { ( )}
bb b b

b s
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( 7 ( 7$ !% " ' 6 ' 6

    (8) 

where {Ub(>)} is the response of the structure, and [Sij(>)] is the dynamic stiffness of the 
structure, and 

2[ ( )] [ ] [ ] [ ]ij ij ij ijS K i C M> > >	 � �       (9) 
Finally, by Equations (7) and (8), the motion equation of structure can be written as  

 0
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   (10) 

from which the response of the structure can be obtained. 
As illustrated above, soil-structure interaction includes two interaction mechanisms, 

kinematic interaction and inertial interaction. Kinematic interaction is due to the presence of 
the rigid foundation, making the foundation motion different from the free field. Inertial 
interaction due to the structural vibrations produces base shear and moment, causing relative 
motion between the foundation and the free field.  

Soil-structure interaction includes the following problems: source problem (Figure 1 (d)), 
site response problem (Figure 1(e)), and structural response problem (Figure 1(b)). The source 
problem and the site response problem are the two key problems in soil-structure interaction.  

It should be noted that the concept was illustrated above for the case of rigid foundation, 
but it can be used also for flexible foundations, and further details can be found in Wolf [7]. 

3  SOURCE PROBLEM 

The source problem in seismic soil-structure interaction includes two steps, namely the 
Green’s functions of half-space and impendence functions of foundations. 

3.1  GREEN’S FUNCTIONS OF HALF-SPACE 

In 1904, Lamb presented the well-known dynamic Green’s function of point load or source 
in a half-space by the superposition of the potentials in full-space and by the satisfaction of 
boundary conditions at the surface of the half-space. Newlands [8] extended Lamb’s solution to 
the case of internal dissipation. The Green’s function of an embedded distributed load on 
horizontal plane of arbitrary shape in elastic half-space was derived by Pak [9]. The Green’s 
function for harmonic line loads in an elastic half-space was evaluated using contour 
integration in complex plane by Dravinski and Mossessian [10]. Banerjee and Mamoon [11] 
presented a fundamental solution due to a periodic point force in an elastic half-space, using 
the method for Mindlin’s solution. A solution of Green’s function is presented for a dynamic 
load in an elastic half-space by Lin et al [12], in which, the infinite integral was transformed 
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into finite ones in the complex domain by means of the modified Hankel functions, making the 
evaluation more easy and more convenient. 

Multi-layered half-space is a more realistic model. Haskell [13] studied surface waves from 
point sources in a multilayered medium, and Harkrider [14-15] studied surface waves in 
multilayered elastic media due to buried source. Bouchon [16] presented a simple method to 
calculate Green’s function for elastic layered media. By stiffness matrix by Kausel and Roesset 
[17] for soil layers, Kausel and Peek [18] presented an explicit solution for dynamic loads in a 
layered half-space, and a discrete scheme was proposed to avoid the numerical integration. 
Biot [19] derived stiffness matrix for layered medium in a completely different way. Luco and 
Apsel [20] and Apsel and Luco [21] presented a method to calculate the dynamic Green’s 
functions for three-dimensional layered half-space to an arbitrary buried source. Wolf [7] 
derived the stiffness matrices for soil layer and half-space, and presented the Green’s functions 
of an inclined line loads in a layered half-space, which is very convenient for soil-structural 
interaction analysis. An integration method for 2-D Green’s functions for a layered viscoelastic 
half-space is given by Xu and Mal [22]. An efficient method for computation of Green’s 
functions for a layered half-space with sources and receivers at close depths was proposed by 
Hisada [23-24]. Pak and Guzina [25] made a new derivation of the Green’s functions for three-
dimensional multilayered half-space using displacement potentials. Recently, a rigorous 
method was presented to obtain seismic response of layered viscoelastic half-space in time 
domain due to arbitrary distributed or concentrated sources, without the need for an integral 
transform over frequencies by Park and Kausel [26-27]. The exact dynamic stiffness matrices 
of 3-D layered half-space were derived by Liang and Ba [28] by the extension of Wolf’s 2-D 
exact dynamic stiffness matrices [7]. Their dynamic stiffness matrices are symmetric and exact, 
which may greatly increase the method’s efficiency in applications. Dynamic Green’s 
functions for uniformly distributed loads acting on an inclined plane in 3-D layered half-space 
were presented by Liang and Ba [29] based on the exact dynamic stiffness matrices of layered 
half-space, which serves as the theoretical basis for the application of indirect boundary 
element method in dynamic soil-structure interaction problems. 

Biot [30-32] proposed a theory of wave propagation in poroelastic medium. Based on 
Biot’s theory, Lamb’s problem for poroelastic half-space by an impulsive line load or a circular 
uniform surface load was studied by Paul [33-34]. Halpern and Christiano [35] presented the 
steady-state harmonic response of poroelastic half-space for surface solid and fluid tractions. 
Philippacopoulos [36] presented a solution to Lamb’s problem for fluid-saturated porous half-
space. Dynamic Green’s functions of a point load in poroelastic (whole) space were given by 
Manolis and Beskos [37] and Cheng et al [38]. Dynamic Green’s functions of internal loads 
and fluid sources in homogeneous poroelastic half-plane can be found in Senjuntichai and 
Rajapakse [39]. Wang et al [40] derived an integral solution to Lamb’s problem of a point load 
of low frequency in poroelastic half-space. Yang et al [41] proposed an integral solution to 
point load at the surface of elastic soil layer and saturated layered half-space by Hankel 
transform. By Fourier transform with respect to time and by Hankel transform with respect to 
space, Green’s functions for displacement fields due to a buried source in fluid-saturated 
porous half-space were presented by Philippacopoulos [42]. The Green’s functions in layered 
poroelastic half-space were solved by Pan [43]. Huang and Zhang [44] solved Lamb’s problem 
for non-axisymmetric poroelastic half-space by integral transform. The dynamic Green’s 
functions for vertical and horizontal forces in saturated half-space were studied through 
integral transform technique by Wang et al [45] and Lu et al [46], respectively. Jin and Liu [47] 
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studied dynamic response of a poroelastic half-space to horizontal buried loads. Chen et al [48] 
presented a solution to Lamb’s problem of saturated soils subjected to internal excitation. The 
exact dynamic stiffness matrices of 2-D layered poroelastic half-space were derived by Liang 
and You [49], and dynamic Green’s functions for uniformly or linearly distributed loads acting 
on inclined line in 2-D layered poroelastic half-space were presented by Liang and You [50] 
and You and Liang [51], respectively. Lu and Hanyga [52] presented a fundamental solution 
for layered porous half-space subjected to vertical point load or point fluid source. Chen et al 
[53] studied 3-D time-harmonic response of a poroelastic half-space subjected to an arbitrary 
buried loading.  

3.2  IMPENDENCE FUNCTIONS OF FOUNDATIONS 

The impendence functions (or compliance functions) of foundations are dependent on the 
geometry of the foundations, characteristics of half-space, contact conditions between the 
foundations and the half-space, and frequency and the excitation, etc.    

3.2.1  Surface foundation 

The earliest work on vibration of surface flexible circular foundation on half-space was 
made by Reissner in 1936, where the half-space is characterized with shear modulus G, 
Poisson’s ratio Q, and mass density �. The vertical displacement of the foundation, with 
uniform soil reaction, can be written as  
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where P is the amplitude of the excitation, > is the frequency of the excitation, r0 is the radius 
of the circular foundation, f1 and f2 are the displacement functions of Poisson’s ratio Q and 
dimensionless frequency 0 0 /a r G> �	 . 

Later, extensions were made to rigid circular foundation and parabolic distribution of soil 
reaction by Quinlan [54] and Sung [55]. Arnold et al [56] and Bycroft [57] presented solutions 
for rocking vibration of foundations. Thomson and Kobori [58] studied the dynamic 
impendence of rectangular foundation on an elastic half-space. 

Lysmer and Richard [59] developed a lumped parameter model for vertical vibration of 
rigid circular foundation on half-space, and they found an equivalent parameter independent of 
the frequency of excitation, which provides a very practical technique for engineering 
applications and nonlinear time-domain responses. Richard and Whitman [60] made 
comparisons between the theory and experimental results for vertical, rocking and torsional 
footing vibrations. Later, lumped parameter model was extended to viscoelastic half-space by 
Veletsos and Verbic [61]. 

The impendence function of circular and strip foundations is a solution of a mixed 
boundary value problem, and may be reduced to the solution of Fredholm integral equation of 
the second kind. Using this approach, Veletsos and Wei [62] and Luco and Westmann [63] 
obtained impendence functions for a rigid circular foundation on half-space. Using the same 
approach, Luco and Westmann [64] and Luco [65-66] obtained impendence functions for rigid 
strip foundation on half-space, for rigid circular foundation on one layer over half-space, and 
for rigid circular foundation on multilayered viscoelastic half-space, respectively. Iguchi and 



243

Luco [67] obtained the impendence functions for a flexible circular plate on viscoelastic half-
space and layered viscoelastic half-space.  

For foundations of arbitrary shape, Wong and Luco [68] developed a method to evaluate 
the impendence functions by dividing the contact area into a number of sub-areas with uniform 
contact traction within each area having unknown amplitude. Using this approach, Wong and 
Luco [69] developed tables of impendence functions for rigid rectangular foundations on 
viscoelastic half-space, while Iguchi and Luco [70] obtained the impendence functions for 
flexible rectangular foundations on half-space. Tables of horizontal, coupling, rocking, vertical 
and torsional impedance functions for a rigid square foundation on two types of layered 
viscoelastic soil models were presented by Wong and Luco [71].  

Boundary element method is an effective way in determining the impendence functions of 
foundations due to its two advantages, namely the reduction of dimensions of the problems and 
the high accuracy of the method for half-space dynamics, e.g. the studies by Karabalis and 
Beskos [72], Wolf and Darbre [73-74], Wolf [7], Karabalis and Beskos [75], Spyrakos and 
Beskos [76-77], and De Barros and Luco [78], etc. 

In recent years, formulation of impendence functions of foundations on poroelastic half-
space has attracted many investigators, e.g. Halpern and Christiano [79], Philippacopoulos [80], 
Bougacha et al [81], Bougacha et al [82], Kassir and Xu [83], Kassir et al [84], Rajapakse and 
Senjuntichai [85], Kassir et al [86], Dargush and Chopra [87], Japon et al [88], Zeng and 
Rajapakse [89], Jin and Liu [90-92], and You et al [93], etc. 

3.2.2  Embedded foundation    

There are limited analytical solutions for impendence functions of embedded foundations. 
The out-of-plane motion of semi-circular embedded foundation was obtained by Luco [94] and 
Trifunac [95], the case of semi-elliptical foundation by Wong and Trifunac [96] and Luco et al 
[97], and the case of two or more foundations by Luco and Contesse [98] and Wong and 
Trifunac [99]. The torsional impendence functions of hemispherical and semi-ellipsoidal 
foundation are given by Luco [100] and Apsel and Luco [101], respectively. The complete 
impendence functions for hemispherical foundation were presented by Lee and Trifunac [102]. 
The in-plane motions of a rigid circular strip foundation in elastic half-space and poroelastic 
half-space were studied by Todorovska [103] and Todorovska and Rjoub [104], respectively.  

For rectangular or arbitrary-shaped foundations, it is difficult to obtain analytical solutions, 
and only some approximate methods were developed. Novak and Beredugo [105], Beredugo 
and Novak [106], and Novak and Sachs [107] obtained impendence functions for rigid 
foundations by the known Baranov-Novak approach. Kausel et al [108] presented a spring 
method accounting for the embedment. Pais and Kausel [109] proposed approximate formulas 
to describe the variation with frequency of the dynamic stiffness of rigid embedded 
foundations, in which these formulas were obtained by fitting mathematical expressions to 
accurate numerical solutions, and the imaginary part of the stiffness was approximated by the 
asymptotic values from simple one-dimensional wave propagation theory. Simple methods to 
compute the dynamic stiffness and damping coefficients of arbitrarily shaped rigid foundations 
embedded in a reasonably homogeneous and deep soil deposit and subjected to vertical, 
horizontal and rocking excitations were developed by Gazetas et al [110], Gazetas and 
Tassoulas [111-112], Hatzikonstantinou et al [113] and Fotopoulou et al [114]. The formulas 
and charts were presented for computing the dynamic stiffness and damping coefficients of 
surface and embedded foundations in a homogeneous half-space [115]. 
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Finite element method is an effective tool for determination of the impendence functions of 
embedded foundations for the vertical response [116], for the torsional response [117], and for 
the coupled rocking and lateral response [118-120]. For a finite element model, transmitting 
boundaries (or nonreflecting boundaries) are usually necessary. Transmitting boundary is the 
fundamental problem in finite element analysis of soil-structure interaction, and there are some 
proposals for treating the transmitting boundaries in the literature, e.g. Lysmer and Kuhlemeyer 
[116], Lysmer and Waas [121], Liao and Wong [122], and Wolf [123].  

Boundary element method is also effective for the calculation of the impendence functions 
of embedded foundations, e.g. Wolf and Darbre [73-74], Wolf [7], Karabalis and Beskos [124], 
Luco and Wong [125], Apsel and Luco [126], Luco and Wong [127], Rajapakse et al [128], 
Gazetas and Tassoulas [129-130], Rajapakse and Shah [131], Mita and Luco [132], and De 
Barros and Luco [133], etc. 

For the engineering applications, simple models and approximate solutions were proposed 
for embedded foundation like discrete model by De Barros and Luco [134], lumped parameter 
model by Wolf and Paronesso [135] and Meek and Wolf [136], and cone model by Meek and 
Wolf [137]. For further details, the readers may peruse the book by Wolf [138]. 

In recent years, impendence functions of a foundation embedded in poroelastic half-space 
have also been studied by Senjuntichai et al [139]. 

Pile foundation is a special type of embedded foundation. An analytical approach for 
stiffness and damping for horizontal, vertical and rotational motions were presented by Novak 
[140]. The vertical response of a single pile to harmonic load was obtained in a closed form 
and used to define stiffness and damping at the pile head by considering the soil as a linear 
viscoelastic layer with hysteretic type damping [141]. The impendence functions of a single 
pile in layered media were developed by Novak and Aboul-Ella [142] and Novak and El 
Sharnouby [143]. Pile foundations were also studied by Gazetas and Dobry [144-145], El 
Sharnouby and Novak [146], Novak and El Sharnouby [147], El Sharnouby and Novak [148], 
Han and Novak [149], El-Marsafawi et al [150], and El Naggar and Novak [151-152], etc. 

4  SITE RESPONSE PROBLEM 

Analysis of site response in seismic soil-structure interaction consists of two steps, one of 
which is free-field response of half-space (for surface foundation) and response of half-space 
with excavation (for embedded foundations), and the other is response of half-space with 
massless foundation.  

4.1  FREE-FIELD RESPONSE 

The free-field response to incident waves is the first step in soil-structure interaction 
analysis. The early studies on free-field response of a multilayered half-space for body waves 
and surface waves were presented by Thomson [153] and Haskell [154-156], and are 
collectively referred to as Thomson-Haskell matrix method. 

Following the classical work of Kanai in Japan, Idriss and Seed [157] described the 
response of horizontal soil layer with linearly elastic properties to vertically propagating waves. 
For equivalent linear seismic response analysis of 1-D horizontally layered soil deposits 
overlying a uniform half-space and subjected to vertically propagating shear waves, a computer 
program SHAKE was developed by Schnabel et al [158], in which the analysis was performed 
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in the frequency domain and iterative procedure was used for nonlinear behavior of the soil 
[159-160]. For 2-D problems, a computer program FLUSH was developed by Lysmer et al 
[161], in which finite element method by Lysmer and Kuhlemeyer [116] combined with 
transmitting boundary by Lysmer and Waas [121] was used, and soil-structure interaction 
analysis was performed by equivalent linear method.  

By means of stiffness matrices of soil layers and half-space, derived from Kausel and 
Roesset [17], Biot [19] and Wolf [7], it is easy to calculate free-field response of elastic 
multilayered half-space. Wolf and Obernhuber [162-164] computed the free-field response of 
layered half-space for SH, P, SV, Rayleigh and Love waves.  

For nonlinear site response, many studies were done by using finite element method in the 
literature, with various representations of stress-strain behavior of soils, e.g. Hardin and 
Drnevich [165], which will not be discussed here.  

Based on Biot’s theory, stiffness matrices of poroelastic layer and poroelastic half-space 
were derived by Rajapakse and Senjuntichai [166], Degrande et al [167], and Liang and You 
[49], and the free-field response of poroelastic multilayered half-space were carried out. You et 
al [168] presented the response of layered half-space consisting of both elastic and poroelastic 
layers. 

4.2  RESPONSE OF HALF-SPACE WITH EXCAVATION 

Response of half-space with excavation is a combination of the free-field response problem 
and of the source problem.  

The pioneering work on wave scattering of plane SH waves around a semi-cylindrical 
canyon was presented by Trifunac [169], and the numerical results show that a canyon can 
have prominent effects on incident waves when the wavelengths of incident motion are short 
compared to the radius of the canyon. Wong and Trifunac [170] extended this work to the case 
of semi-elliptical canyon. Lee [171] presented an analytical solution of scattering of elastic 
plane waves by a 3-D hemispherical canyon by expanding the spherical wave functions into a 
power series to match all the boundary conditions. By using large circle model, Cao and Lee 
[172], Lee and Cao [173-174], Todorovska and Lee [175] and Liang et al [176] studied the 
propagation of SH, P, SV waves and Rayleigh waves around circular-arc canyons. Scattering 
of plane SH-wave by cylindrical canyon of arbitrary shape was formulated by using complex 
function method by Liu and Han [177]. A closed-form solution for scattering of SH waves 
around a circular-arc canyon was presented by Yuan and Liao [178]. The solutions for layered 
canyons for incident SH, P and SV waves were developed by Liang et al [179], Liang et al 
[180], Liang et al [181] and Yang et al [182]. Based on Biot’s theory, scattering of plane waves 
by cylindrical canyons in saturated porous medium was studied by Li and Zhao [183-184]. 
Liang et al [185] presented an analytical solution of SV wave diffraction around a circular-arc 
canyon in poroelastic half-space, discussed the dependence of the surface motion on the 
incident frequency, incident angle, porosity, boundary drainage and Poisson’s ratio.  

The wave scattering and diffraction by canyons was also studied using numerical methods, 
like finite difference method, finite element method, boundary element method, and discrete 
wave number method, etc. Sanchez-Sesma and Rosenblueth [186] studied the ground motion 
around a canyon of arbitrary shape to incident SH waves by using the source method. The 
source method was also used by Wong [187] to study the effects of surface topography on 
diffraction of P, SV and Rayleigh waves. Liu and Liao [188] studied the seismic waves 
scattering caused by 2-D lateral inhomogeneities by a mass lumped finite element method 
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combined with artificial transmitting boundary. Zhang and Zhao [189] studied the effects of 
canyon topography and of geological conditions on strong ground motion by combining the 
finite element method and infinite element method. Kawase [190] computed the time-domain 
response of a canyon for incident SV, P, and Rayleigh waves by using discrete wave number 
boundary element method. Vogt et al [191] studied wave scattering by a canyon of arbitrary 
shape in a layered half-space by indirect boundary element method. A boundary integral 
equation based on discrete wave number representation method was proposed by Bouchon 
[192] to study wave propagation in multilayered media having irregular interfaces. A boundary 
integral formulation was developed by Sanchez-Sesma and Campillo [193] for diffraction of P, 
SV, and Rayleigh waves, and by Du et al [194] for scattering of plane SH waves. Liang et al 
[195] studied scattering of SV waves by a canyon in a fluid-saturated, poroelastic layered half-
space using indirect boundary element method, and You et al [196] further analyzed the effects 
of canyon shape on the wave scattering. Chen and his associates [197-199] proposed a 
localized boundary integration equation using discrete wave number method for SH, P, SV, 
and Rayleigh waves scattered by irregular topographies. Liang and Liu [200-201] presented an 
indirect boundary integration equation method for diffraction of plane P waves by a canyon of 
arbitrary shape in poroelastic half-space. The time-domain acceleration response of a canyon of 
arbitrary shape in layered half-space subjected to earthquake waves was presented by Liang et 
al [202].  

The elastic wave scattering and diffraction by 3-D canyons was studied by Sanchez-Sesma 
[203], Mossessian and Dravinski [204], Gil-Zepeda and Luzon [205], Niu and Dravinski [206], 
and Liang and Liu [207]. 

4.3  RESPONSE OF HALF-SPACE WITH FOUNDATION 

Similar to the response of half-space with excavation, response of half-space with massless 
foundations is also a combination of the free-field response problem and the source problem, 
and the difference between the two problems is due to different boundary conditions. 

Luco [94] studied the response of a shear wall on a rigid semi-cylindrical foundation in 
elastic half-space for vertically incident plane SH waves. Trifunac [95] generalized this 
solution to any angle of incidence, and showed that the surface ground displacements heavily 
depend on the incident angle. Wong and Trifunac [96] studied the case of semi-elliptical 
foundation. Luco and Contesse [98], Wong and Trifunac [99] and Luco et al [97] further 
studied the response of two or more shear walls on rigid foundations for incident SH waves. 
Luco [100] presented the torsional response of a massless rigid hemispherical foundation 
subjected to plane SH waves, and Apsel and Luco [101] studied this problem for the inclined 
incidence of plane SH waves. Lee and Trifunac [102] studied the response of semispherical 
foundation for incident plane SH, P and SV waves. Todorovska [103] and Todorovska and 
Rjoub [104] presented the in-plane response of a rigid circular foundation in elastic half-space 
and in poroelastic half-space, respectively.  

Thau and Umek [208-209] and Dravinski and Thau [210-211] investigated the transient 
response of rectangular foundations for incident plane waves. Scanlan [212] obtained the 
response of rectangular foundations for inclined incident waves. The response of rectangular 
foundation to incident SH, P and SV waves was studied by Wong and Luco [213].   

Dynamic response of circular foundations embedded in uniform half-space for SH, P and 
SV waves was studied by Luco and Mita [214], and seismic response of foundations embedded 
in a layered half-space was studied by Luco and Wong [215], and the relation between 
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radiation and scattering problems for foundations embedded in an elastic half-space was 
presented by Luco [216]. Pais and Kausel [217] studied the response of rigid foundation 
subjected to seismic waves using the algorithm based on Iguchi’s method.  

Wong and Luco [218] presented dynamic response of a group of rigid surface foundations 
on layered viscoelastic half-space subjected to external forces and seismic waves. Mita and 
Luco [219] presented a hybrid approach to obtain the dynamic response of foundations of 
arbitrary shape embedded in a layered viscoelastic half-space and subjected to external forces 
and incident plane waves, in which they used the Green's functions for the half-space and 
combined it with a finite element treatment of the finite portion of soil excavated for the 
foundation. Mita and Luco [220] obtained dynamic response of rigid square foundations in an 
elastic half-space for external forces and moments and for plane waves with different incident 
angles. The in-plane dynamic response of semi-circular foundation embedded in a layered 
viscoelastic half-space subjected to external forces and incident plane SH, P and SV waves was 
studied by De Barros and Luco [221].  

Usually, the studies of foundation response consider either differential ground motion, but 
ignore soil-structure interaction, or consider soil-structure interaction, but for a rigid foundation, 
thus ignoring differential ground motion. In view of this status, Todorovska et al [222] and 
Hayir et al [223] presented a simple model of a wedge structure on half-space considering both 
the soil-structure interaction and the flexibility of the foundation, and made clear how stiff the 
foundation should be relative to the soil so that the rigid foundation assumption in soil-
structure interaction models is valid. 

Kaynia and Kausel [224] presented seismic response of piles and pile groups in layered soil 
media. Fan et al [225] studied the kinematic seismic response of single piles and pile groups. 
Kaynia and Kausel [226] presented seismic response of a pile foundation to Rayleigh waves 
and body waves.  

Parmelee et al [227] and Jennings and Bielak [228] studied seismic response of complete 
soil-structure system. Luco and Wong [229] presented earthquake response of symmetric 
elastic structures subjected to SH-wave and Rayleigh waves, and showed that response for non-
vertically incident waves is significantly different from that for vertically incident waves. 
Todorovska and Trifunac [230] studied the system damping, the system frequency and the 
system response peak amplitudes during in-plane building-soil interaction.  

5  NONLINEAR EFFECTS 

The nonlinear soil-structure interaction is mainly due to nonlinear behavior of the soil (a 
decrease of shear modulus and an increase of damping with increasing strain) and separation 
effect (loss of contact between the foundation and the surrounding soil).   

Nonlinear seismic response of soil under strong earthquake ground motion may bring 
significant changes in the observed distributions of damage. Trifunac and Todorovska [231-
232] investigated the spatial relation between areas with severely damaged buildings and areas 
with large strains in the soil during the 1994 Northridge earthquake, and concluded that the 
observed reduction of the damage to buildings resulted from the energy dissipation in the soil 
due to nonlinear response. 

The work based on the equivalent linear method by Seed and Idriss [159-160] led to the 
development the two computer programs SHAKE [158] and FLUSH [161] for weakly 
nonlinear seismic response analysis. For more advanced analyses, the finite element method 
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may be the useful vehicle to deal with soil nonlinearity if combined with accurately working 
transmitting boundaries. Another effective analysis tool can be obtained by coupling of the 
finite element method with the boundary element method. In 1980s, a nonlinear soil-structure 
interaction method based on boundary element method in time domain using convolution 
integrals was proposed by Wolf and Obernhuber [233-234], Wolf and Darbre [235] and Wolf 
[236-237], and the interaction forces of the soil were calculated recursively in either frequency 
domain or in time domain [238-240]. 

The early work about separation effects in soil-structure interaction was reported by 
Kennedy et al [241] and Wolf [242], and later by Toki et al [243], Wolf and Darbre [235], and 
Xiong et al [244-245]. Kennedy et al [241] studied the nonlinear soil-structure interaction 
effects resulting from base slab uplift, in which a simplified dynamic model was developed 
consisting of a lumped mass structure with soil-structure interaction considered by translational 
and rotational springs whose properties were determined by elastic half space theory, and three 
different site soil conditions were discussed. It was concluded that linear analysis can be used 
to conservatively estimate the behavior of the base slab even under conditions of substantial 
base slab uplift, and that the nonlinear effect of uplift does not result in any significant 
lengthening of the fundamental period of the structure. It was further concluded that for the 
rock site in which soil-structure interaction is not significant, the peak structural response is not 
significantly influenced by the nonlinear effects. However, for soil sites, nonlinear analyses are 
necessary if substantial base slab uplift occurs. 

Nonlinear soil-structure interaction can also be studied by Swing-Rocking model, where the 
stiffness and damping can be taken as nonlinear to simulate the time-dependent contact 
interface between the foundation and the soil. 

6  FULL-SCALE EXPERIMENTAL STUDIES 

Experimental studies of soil-structure interaction are essential for verification of theoretical 
models. Experimental studies can be full-scale tests or laboratory tests, and full-scale tests 
include earthquake observation, forced vibration and microtremor excitation of actual 
structures. The problems of conducting experiments in the laboratory are not only due to the 
similarity laws that have to be satisfied, but are mainly due to the difficulties associated with 
modeling of the half-space boundary conditions. Full-scale experiments can be used to verify 
models, estimate impendence functions, identify torsional response, and analyze time and 
amplitude dependent response, etc. Trifunac [1] presented a critical review of full-scale studies 
related to soil-structure interaction and associated phenomena, and pointed out the general 
trends and research needs on soil-structure interaction. 

The Hollywood Storage Building is the first structure equipped with permanent strong 
motion accelerographs in California, and also the first building where strong motion was 
recorded in 1933. The data recorded in and near this building were used for theoretical analyses 
and observation of soil-structure interaction, and for other related studies like scattering of 
waves by a rigid foundation, the associated filtering of high frequency motions and the 
associated torsional excitation of the foundation [1]. Duke et al [246] were the first to 
successfully interpret the EW recorded motions of the Hollywood Storage Building in terms of 
the analytical solution of soil-structure interaction, with rigid semi-cylindrical foundation for 
incident SH waves, though the model constitutes a rough first approximation. Crouse and 
Jennings [247] compared the recorded strong motions of the Hollywood Storage Building 
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during the 1952 Kern County earthquake with a new set of strong motion records obtained 
during the 1971 San Fernando earthquake, and concluded that the difference in the 
experimentally determined transfer functions between the two earthquakes were due to the 
nonlinear effects in the soil.  Papageorgiou and Lin [248] also analyzed the response of 
Hollywood Storage Building after the 1987 Whittier-Narrows earthquake.  

Trifunac [249] compared ambient and forced vibration experiments for two actual 
buildings. He found that both methods may be used to determine many mode shapes and 
frequencies of vibration and the corresponding damping values with adequate accuracy for 
most purposes, and that the two methods gave mutually consistent results. 

Crouse et al [250] conducted the forced harmonic vibration tests at the Jenkinsville (South 
Carolina) accelerograph station to determine the effects of soil-structure interaction on the 
motions recorded during four small earthquakes. The tests showed that the system had two 
strongly coupled translational and rocking modes of vibration, and some amplification was 
observed at the fundamental natural frequencies in both directions. 

Luco et al [251] studied the apparent changes over time of the dynamic behavior of a nine-
storey reinforced concrete Millikan Library building in Pasadena, California, and concluded 
that the variations in resonant frequencies were mainly a result of stiffness degradation of the 
superstructure as a consequence of the San Fernando earthquake. Wong et al [252] presented a 
simple soil-structure interaction model to predict the response of structures during forced 
vibration tests by comparison of the theoretical and experimental responses of the Millikan 
Library building, and concluded that the assumption of rigid foundation for its north-south 
response may lead to very good approximations. 

Trifunac et al [253-254] analyzed the amplitude and time-dependent changes of the 
apparent frequency of a seven-story reinforced concrete building in Van Nuys, California and 
showed that it changed form one earthquake to another and during a particular earthquake, with 
the general trend of reduction with increasing amplitudes of motion. They interpreted those 
trends to be caused by nonlinearities in the soil. Todorovska [255-256] presented a soil-
structure system identification model with coupled horizontal and rocking response of the 
Millikan Library building, in California, during four earthquakes between 1970 and 2002. The 
analyses showed that the system functions with respect to foundation horizontal motion are 
those of the coupled soil-structure system, and the structural fundamental fixed-base frequency 
can be estimated from seismic monitoring data with instrumentation of two horizontal sensors, 
one at the base and one at the top. 

Large model tests are also essential for soil-structure interaction studies. This approach 
offers many advantages like choice of embedment depth, control of backfill soil material, and 
the possibility to install detailed instrumentation. Further details about large model tests may be 
found in Trifunac [1].  

7  DESIGN CONSIDERATION 

There are two approaches for considering soil-structure interaction effects in seismic design. 
The first involves modifying the stipulated free-field ground motion and evaluating the 
response of the structure to the modified motion of the foundation. The second involves 
modifying the dynamic properties of the structure, considering it to be on a rigid support, and 
then evaluating the response of the modified structure to the prescribed free-field ground 
motion [257]. The latter approach permits the direct use of response spectra for the free-field 
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ground motion, at first appears to be more convenient for purposes of design, but can result in 
erroneous assignment and distribution of nonlinearities. The interaction effects in the latter 
approach are expressed approximately by an increase in the fixed-base period of the structure, 
and by a change (generally an increase) in the associated damping. The increase in period 
results from the flexibility of the supporting medium, whereas the increase in damping results 
from the capacity of the medium to dissipate energy by radiation of waves and by hysteretic 
action [258]. In spite of its shortcomings and serious errors, which can occur in the analysis of 
structures in the near field of strong shaking, this approach was recommended by the Applied 
Technology Council (ATC-3-06) in 1978.  

Wolf [7] studied the influence of the equivalent period and equivalent damping on 
structural response, and presented some engineering design examples with consideration of 
soil-structure interaction.  

It should be noted that if the period and damping used in design are determined based on 
the statistical analysis of the measurements in actual buildings, those may already include the 
effects of soil-structure interaction.    

8  CONCLUSIONS 

This paper presents a review of literature on seismic soil-structure interaction, and can 
conclude by listing some research needs for future advances in this field. 

The theoretical models and computational methods for linear soil-structure interaction have 
made great progress. However, nonlinear soil-structure interaction still needs to be studied in 
far greater detail, including nonlinear models for soils and contact and their parameters. Also 
the time-domain models for nonlinear soil-structure interaction need to be developed further.  

More full-scale experimental studies including earthquake observation and large model 
tests, especially under strong earthquake excitation, are needed to verify the nonlinear models 
and computational methods. Rotational strong motion accelerographs capable of recording 
three translations and three rotations simultaneously need to be installed in different structures 
for both earthquake observations and for large model test.   

More realistic soil-structure interaction models with consideration of differential ground 
motion are needed, especially for large-scale structures.  

Further advances for the purposes of practical seismic design need to be made, like for 
structures with embedded and pile foundations, for example. 
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PRA�ENJE STANJA KONSTRUKCIJE 
Rezime 
 
Cilj pra*enja stanja konstrukcije (PSK) je da otkrije ošte*enje dok se doga)a, da dâ 
upozorenje za vreme ili neposredno posle zemljotresa, i pre nego što je mogu*e 
sprovesti inspekciju objekta. PSK pomaže da smanji broj povreda i smrtnih 
slu(ajeva, za vreme hitne pomo*i i u periodu povratka u nomalno stanje posle 
zemljotresa. Informacija o PSK korisna je vlasniku objekta i raznim službama koje 
su važne za povratak u normalno stanje. Da budu korisne metode, PSK moraju biti 
pouzdane, dovoljno osetljive i ta(ne u primeni na registracije za vreme zemljotresa. 
Ovaj rad ukratko opisuje savremene metode, njihove karakteristike i prakti(nu 
primenu PSK. Rezultati su ilustrovani kroz nekoliko studija na izvedenim 
objektima. 
 
Klju"ne re"i: Pra�enje ošte�enja konstrukcije, rano upozorenje, pra�enje stanja 
konstrukcije. 
 

STRUCTURAL HEALTH MONITORING 
Summary 
 
The structural health monitoring (SHM) aims to detect damage as it occurs, to issue 
a warning during or soon after an earthquake, and before physical inspection is 
possible. SHM will help reduce loss of life and injuries, in emergency response, and 
in recovery following an earthquake. The information provided by SHM is very 
useful to a building owner, an important business, or a critical facility. To be useful, 
the SHM must be robust when applied to real earthquake data, reliable, sensitive 
and accurate. This paper reviews briefly the current methods, capabilities, and 
outstanding issues in practical implementation of SHM. Results are illustrated 
through studies using data from full-scale buildings. 
 
Key words: Earthquake damage detection, early warning, health monitoring. 
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I. INTRODUCTION  
 
Damage is described by its location, type, extent, and in terms of its effects on the remaining 
useful life of a structure. It can occur suddenly during an earthquake, or gradually during the 
life of a structure, from deterioration of the structural materials due to aging, service, and 
exposure to environment. In this work, we discuss only the identification of sudden damage 
caused by earthquakes. This damage can be limited to a small defect in a component, or can be 
a global damage of the structural system, and therefore the damage-detection methods can be 
classified as local and global. The local methods involve use of actuators (radiating ultrasonic 
waves into the structural element, for example) and require access to the element. The global 
methods assess the overall damage of the structural system. In this review, we examine the 
global methods which point to the part of the structure that has been damaged. Because of the 
potential benefits of early damage detection for safety and for minimizing disruption of 
productivity, further development of the structural health-monitoring methods continues to be 
an important research topic in civil engineering [1].  
 
Structural damage detection involves: (1) recording structural response data, (2) identification 
of structural parameter(s) related to damage (natural frequencies, or wave travel times, for 
example), some characteristic of response (like levels of inter-story drift) that correlate with 
damage, or abrupt changes in the response, (3) comparison of the results of the identification 
with a database of such values, which have been previously correlated with levels of damage, 
and (4) a decision process. Due to various uncertainties, the answer is best expressed 
probabilistically, and the decision will also depend upon the nature of the use of the structure 
and level of tolerance of the user.  
 
The hope of being able to detect damage has been one of the reasons for the deployment of 
seismic sensors in structures. The first strong-motion recordings in a building were made 
during the M = 5.4 Southern California earthquake of October 2, 1933, in the Hollywood 
Storage Building, in Los Angeles, California. This building has the longest history of recording 
earthquakes in that area [2]. The early identification methods consisted of estimating the 
building frequencies and damping from small amplitude ambient noise and forced vibrations 
[3] and from earthquake records [2]. These studies identified the frequencies and damping of 
the soil-structure system.  
 
System identification studies from full-scale test vibration data that separate the effects of the 
soil-structure interaction first started to appear in the 1970s following theoretical developments 
that lead to understanding of the soil-structure interaction [4, 5-8]. Yet, 30 years later, such 
studies continue to be rare due to a combination of factors, one of which is the present 
emphasis in earthquake engineering research on laboratory experimentation and numerical 
simulations, rather than on the full-scale testing of structures [9,10]. Continuously operating 
structural health-monitoring systems are rarely deployed in structures, and the few that exist 
usually operate on an experimental basis as part of an ongoing research project. The main 
obstacles to the routine, practical deployment of such systems are: (1) the high cost of sensors 
and monitoring systems, which limits the spatial resolution, (2) the low sensitivity and 
robustness of the methods, and the inability to discriminate between changes in the damage-
sensitive feature caused by damage from changes caused by other factors (like age, level of 
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excitation, and weather), and (3) the paucity of data recorded in damaged structures necessary 
to calibrate the health-monitoring methods. To enable future advances, it will be necessary to 
design low–cost, high-performance sensors and monitoring systems, making it possible to 
densely instrument many structures, to develop methods that are robust and sensitive enough to 
detect also light damage (in particular when it is not visible), and to build a knowledge base 
that can help reliably relate observed patterns in the data with actual observations of damage.  
 
Structural identification and health monitoring of buildings based on detecting changes in wave 
travel time through the structure has received considerable attention and is very promising [11-
20]. Exploratory applications to data from damaged buildings [18, 19] showed that the method 
is robust when applied to damaging levels of earthquake response data, is not sensitive to the 
effects of soil-structure interaction, and is almost local in nature.  
 
Following a damaging earthquake, the structures are inspected for damage, and their safety is 
assessed. The city departments of public safety dispatch inspectors to the field to “walk 
through” each building and to report on the observed damage and safety concerns. Based on 
such assessments, a color tag can be assigned to the building: green, if the structure is safe, 
yellow, if it has been damaged and needs to be evacuated, but is safe for the occupants to return 
to retrieve their belongings, and red, if it has been damaged to a degree that it is unsafe for the 
occupants to return to the structure [21]. When the affected area is large, inspection takes time 
(weeks and longer), and the tagging is often only preliminary, to be revised at a later time when 
more detailed inspection can be carried out. Such walk-in inspections can detect only damage 
that is visible, and there is always considerable subjectivity in the assessments. The major 
problem with such inspections is, however, the timeliness, because aftershocks following the 
earthquakes can further damage a structure that has survived the main event but may be 
weakened. Another problem is the loss of function of a structure that may be safe until a more 
detailed inspection and assessment is possible. This is important for critical facilities, such as 
hospitals, and for major businesses, such as banks, for which interruption of work can cause 
major financial losses. Thus, the ability to detect damage in structures early, as it occurs or 
soon after the earthquake, using some structural health-monitoring system, and assess the state 
of the structure before physical inspection is possible, can benefit society. Ideally, based on 
instrumental data, such systems would be able to also detect hidden damage that is not visible 
to the naked eye. There would be benefit even when the damage is obvious if that information 
is available immediately after the earthquake. To be effective, however, such systems must be 
sensitive enough to detect at least the significant damage, and accurate enough, to avoid false 
alarms and unnecessary and costly service interruption.  
 
In this work, we review the principles on which structural health-monitoring methods operate, 
and present examples of several methods applied to full-scale buildings. This is followed by a 
discussion of remaining critical issues and directions for future research. We wrote about his 
subject previously and in some detail [22]. In this work, we briefly summarize and repeat the 
main lessons and describe the knowledge that is available today on the structural health 
monitoring in full-scale structures which have been shaken by strong earthquake ground 
motion. We follow closely and repeat here many parts of our recent review of this subject, but 
omit the more technical and data analysis details. The readers wishing to peruse the subject 
further will find more in recent paper by Todorovska and Trifunac [23].  
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II. LETRATURE REVIEW    
 
II.1  Earthquake damage detection in structural health-monitoring research 
 
A review of the structural heath monitoring methods, which apply to civil and mechanical 
systems, can be found in [24] and [25]. The oldest methods for civil structures are those that 
use data from sensors and detect changes in the vibrational characteristics of the structure—
frequencies of vibration and mode shapes. Reviews of vibrational methods can be found in [26, 
27], in a follow-up report [28], and in [29]. These reviews conclude that the available 
vibrational methods can determine if the structure has been damaged, but cannot indicate the 
location of the damage, and so the methods they describe are referred to as global. These 
methods monitor changes in the modal properties of the structures (frequencies and mode 
shapes). The difficulties associated with these methods include: (1) the presence of factors 
other than damage that produce similar effects on the monitored parameters and are not easy to 
isolate (the effects of soil-structure interaction on the measured frequencies of vibration, as 
well as environmental influences such as temperature and rain [30-32]); (2) the redundancy of 
the civil engineering structures, which results in low sensitivity of the method (small change of 
the overall stiffness and consequently of the measured frequencies) when the damage is 
localized; and, (3) dependence upon detailed prior models and/or prior test data for the 
detection and location of damage, which may not be readily available for a structure, may be 
outdated and, even when available, may represent only an idealization of the real structure [24, 
26]. Other difficulties are: (4) the scarcity of objective comparisons of different procedures 
applied to a common data set, and (5) the number and location of sensors (techniques to be 
seriously considered for implementation in the field should demonstrate that they can perform 
well using only a small number of measurements). Doebling et al. [26] recommend that the 
“research should be focused more on testing of real structures in their operating environments 
rather than on laboratory tests of representative structures.”  
 
Sohn et al. [28] mention as outstanding problems: the reliance on analytical models to obtain 
the structural parameters from the data, not only in methods involving direct inversion but also 
in those that use neural networks; and the fact that the damage-sensitive features are also 
sensitive to changes in the environmental and operational conditions of the structures. As one 
of the most significant improvements, they mention the signal-processing methods that do not 
rely on detailed analytic models, such as novelty/outlier analyses, statistical-process-control 
charts, and simple hypothesis testing, which have been shown to be effective in identifying the 
onset of damage growth and the presence of damage, but not the damage type. In this work, 
one such method, based on detection of novelties using wavelets, will be described.  
 
The cost of seismic monitoring systems is still high, and tradeoffs have to be made between the 
detail of the instrumentation of a particular structure and the number of structures that are 
instrumented. The truly local methods are those for nondestructive testing (NDT) of materials, 
which can detect the location of cracks or other defects in a structural member. These methods 
typically use ultrasonic waves, which are attenuated quickly along the wave path, need an 
actuator to create such waves, and require direct access to the structural member, which is 
usually not readily available. Consequently, they are used to detect the location of the damage 
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in a particular structural member, known or suspected to have been damaged, but they are too 
costly and impractical for structural health monitoring of an entire structure [24]. To make a 
difference for society, structural health-monitoring and early warning systems have to be 
reasonably priced so that they can be installed in many structures.  
 
II.2  Earthquake damage detection in earthquake engineering research  
 
In the earthquake engineering research, damage detection emerged from system identification 
studies of full-scale structures, from ambient and forced-vibration test data, or from earthquake 
records. Consequently, it is data driven, in contrast to the structural health-monitoring research, 
which focuses on methodologies, validated mostly on clean, numerically simulated data, and 
sometimes on laboratory data or small–amplitude, full-scale data. In the U.S., the earliest 
system-identification studies from full-scale data follow the first deployment of strong-motion 
instruments in structures [3] and continue through the 1960s [33-35]. More advanced studies 
from a system-identification point of view appeared in the 1970s, following the San Fernando, 
California earthquake of 1971, which produced strong-motion records in many buildings in the 
Los Angeles metropolitan area [36-39]. These studies have shown that the system frequencies 
of actual structures vary significantly with the level of the response. The variation is such that 
the fundamental frequency decreases during the largest shaking, but recovers during the 
remaining smaller-amplitude shaking, or during subsequent shaking by aftershocks. The 
recovery may be partial or complete, and a large reduction of frequency of vibration during the 
earthquake is not always associated with damage. This is an important observation, as the 
decrease of the fundamental frequency of vibration is used as one of the global indicators of 
damage in structural health-monitoring research, and also because many structural-
identification methods are based on the assumption of stationarity and time invariance of the 
response.  
 
The system-identification studies of structures using earthquake records that also considered 
the effects of the interaction of the structural response with that of the surrounding soil, started 
to appear in the 1960s and 1970s. Among the most detailed studies of full-scale structures were 
those conducted in the Millikan Library in Pasadena [6-8]. Those studies showed that the soil-
structure interaction is the conditio sine qua non in system identification and health monitoring 
of structures, that it must be included in any realistic analysis of seismic response, and that it 
affects both the frequencies of vibration and the inter-story drift, both of which are used to 
estimate the state of damage. Unfortunately, the effects of soil-structure interaction are 
typically ignored in most structural health-monitoring studies, thus leading to erroneous and 
misleading results. A detailed literature review of full-scale studies of soil-structure interaction 
can be found in [40], and a discussion of critical issues in recording and interpreting earthquake 
response of full-scale structures in [10, 41, 42].  
 
                                                                                                 
III. MEASURES OF DAMAGE  
 
The damage of a structure can be characterized in terms of the following five states: (1) no 
damage, (2) repairable (light and moderate) damage, (3) irreparable damage, (4) extreme 
damage, and (5) collapse [43].  



272

 
Damage is associated with large deformations (often expressed via the inter-story drift), and 
causes yielding and permanent deformations of the structural members. Damage leads to 
changes in the structural vibrations. It reduces the frequencies of vibration, and wave velocities 
within the damaged zones, and thus it lengthens the wave travel times through those damaged 
areas. We will review methods for damage detection based on monitoring such changes.  
 
IV. STRUCTURAL MODELS  
 
Mathematically, structural response can be viewed as a vibration or as a wave motion. 
Physically, characteristic functions, or mode shapes, represent constructive interference of the 
waves propagating in structures and it can be shown that a series representation of any linear 
response uniformly converges to the unique solution of the problem. As mode shapes represent 
wave interference, their frequencies depend on the average and overall physical properties of 
the structural model and, consequently, small cracks or a localized plastic zone, which are 
small compared to the overall size of the structure, lead only to small changes of the 
characteristic frequencies, and hence are difficult to detect. In contrast, measurement of wave 
velocities by an array of recording stations can not only help identify the location, but will also 
lead to larger and hence easier to detect changes of wave speeds between adjacent observation 
points. First modern response calculations in earthquake engineering were formulated in terms 
of the vibrational form of the solution [44-46], and using the concept of independent degrees of 
freedom associated with each mode of vibration, which in turn leads to a set of equivalent 
single degrees of freedom. In the following, we discuss this in some detail from the view point 
of structural health monitoring. 
 
IV.1  Structure as an oscillator       
From a linear-vibrational viewpoint, a structure can be represented mathematically by an 
equivalent oscillator. The fixed-base frequencies are those of free vibration of a structure on 
rigid ground. They are the eigenvalues of a boundary-value problem, and the associated 
eigenfunctions are the mode shapes. The fixed-base frequencies depend only upon the 
properties of the structure (its stiffness and mass), and their dependence upon damping is small. 
In the linear-response range, the response of an n-degree-of-freedom system is represented by a 
superposition of the modal responses. The contribution of the fundamental mode is usually the 
largest, and in engineering design, structures are often represented only by the corresponding 
equivalent single-degree-of-freedom oscillator. For a single-degree-of-freedom oscillator, the 

natural frequency is 1 /k m> 	 , where k  is its stiffness and m  its mass. The frequency of 
such an equivalent oscillator is affected by fluctuations of the mass, due to variations in the live 
and dead loads, and by changes in its stiffness. Damage is one of the causes for loss of 
stiffness, and consequently leads to reduction of the fixed-base frequency. If 1,ref>  is some 

reference frequency corresponding to a reference stiffness refk , then for the damaged structure 
(assuming the mass remains constant) the frequency drops by a factor which is the square root 
of the ratio of the stiffness reduced by damage and of the reference stiffness 

2
1 1,ref ref( / ) /k k> > 	 . As the fixed-base frequency depends upon the overall stiffness of 
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the structure, it is by definition a global property, and would not change much due to localized 
damage, because the structures are designed to be highly redundant. One advantage of 
detecting damage by monitoring changes in the fixed-base frequency is that, in the ideal case in 
which the ground is practically rigid (relative to the structure) and the excitation is relatively 
broadband, the fixed-base frequency can be determined using only one sensor, on or near the 
roof, as the frequency of the peak of the Fourier transform of the recorded response. The 
availability of recorded response at ground level would produce a more accurate estimate, as a 
transfer-function can be computed between the roof and ground-level recorded motions [47]. 
Changes in the frequency versus time can be estimated from the Fourier transform in moving 
windows in time [48].  
 
However, buildings are founded on soil, which is flexible and deforms under the action of 
forces from the incident waves bellow, and from the vibrating structure above. The soil adds 
both flexibility and a dissipation mechanism to the vibrations of the structure-soil system. Two 
sources of dissipation are scattering of the incident waves from the foundation and radiation of 
energy from structure into the soil through motion of the foundation, which acts as a source of 
waves radiated into the soil. The third source of dissipation is in the structure, and depends on a 
distribution of frictional sources, as well as hysteretic nonlinear response. The soil-structure 
system has its own system frequencies and damping, which are a combination of the 
contributions from the structure and from the soil. The fundamental system frequency is always 
lower than the fundamental fixed-base frequency of the structure, but the associated system 
damping can be larger or smaller than the damping of the structure alone, depending upon the 
radiation damping and relative stiffness of the structure with respect to the soil. Thus, it is seen 
that the principal difficulty with Fourier-type analyses for identification of the building 
frequencies is that these give the resonant frequencies and equivalent damping of the system 
and not of the structure alone. Also, there is no knowledge base of changes in such frequencies 
(for different types of structures and different types of soils) related to different levels of 
shaking and degrees of damage.  
 
IV.2  Structure as a wave guide  
Seismic response can be represented as a superposition of waves that propagate [11, 17, 49-
52]. Loss of stiffness due to local damage would cause delays in the wave propagation through 
the damaged part, which can be detected using seismic response data recorded on each side of 
the damaged area, along the wave path. A change in wave travel time would depend only upon 
the changes of the physical properties between the sensors. Hence, the wave methods are more 
sensitive to local damage than the modal methods and should be able to identify the location of 
damage with a relatively small number of sensors. Furthermore, the local changes in travel 
time are not sensitive to the effects of soil-structure interaction [53, 54]. This is a major 
advantage relative to the modal methods based on detecting changes in the structural 
frequencies. 
 
The travel time of a shear wave between two points is / sd V* 	 , where d  is the distance 

traveled and sV  is the equivalent shear-wave velocity in the medium between the two sensors. 

The latter is related to the rigidity via /sV 1 �	 ,  where 1  is the shear modulus and �  is 
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the mass density. Hence, reduction of rigidity due to damage will produce a reduction of the 
shear-wave velocity, which will produce an increase in the pulse travel time relative to the 
travel time for the undamaged state. Let ref1  be the reference rigidity and ,s refV  and ref*
be the corresponding shear-wave velocity and wave travel time. Then, their changes are related 

as follows 1/ 2
,/ / ( / )ref s ref s refV V* * 1 1	 	

 

. Global changes can be detected by 

monitoring the total wave travel time from the base to the top of a building. Let  tot*  be the 
travel time of seismic waves from the point of fixity (ground level) to the roof. Then, the 
building fundamental fixed-base frequency is 1 tot1/(4 )f *	 , assuming that the building as a 

whole deforms like a shear beam. Based on this relation, 1f  can be estimated using data from 

only two horizontal sensors. While the goodness of this approximation of 1f  may vary from 

one building to another, the changes in 1 tot1/(4 )f *	  will still depend only upon changes in 
the building itself and not on changes in the soil, and so the monitoring of changes in such an 
estimate of 1f  can be used as a global indicator of damage in a building [53, 54].  
 
Fig. 1 shows a conceptual model, in which the building is represented by a horizontally layered 
medium, with interfaces between layers at the floor slabs and elastic homogeneous layers of 
thickness ix , and with equivalent-wave velocities ic , and material densities i� . For vertically 

incident shear waves, and for shear-wave motion in the building, i ic V	 . For a narrow 
building, the medium will be traversed by waves propagating up and down, and the floors will 
move as iu . Let the excitation be a pulse. At each interface, an incident pulse will be split into 
a reflected and a transmitted pulse, and at the roof, total reflection will occur. The transmission 
and reflection coefficients will depend upon the impedance contrast between the layers, in 
particular on the shear-wave velocities. Because of reflections and material damping, an 
incident-wave pulse will attenuate as it propagates through the structure, and will be also 
modified by dispersion. The total wave motion propagating upward in a layer will be a 
superposition of all the pulses, those from direct incidence and those from different generations 
of reflections. The downward-propagating pulses that are reflected back into the building from 
the interface with the soil will interfere with the newly incident pulses just transmitted into the 
building. Eventually, constructive interference will occur and the standing waves will be 
formed, which are the fixed-base modes of vibration of the building.  
 
The wave travel times can be detected by tracing the propagation of a pulse. Such a pulse can 
be created by signal processing of recorded earthquake response data, i.e. by deconvolution of 
the recorded response, which results in the system impulse response functions. Those can be 
obtained by computing the transfer functions between the motion at a particular level and the 
reference motion, and then by computing an inverse Fourier transform. The location of the 
virtual source would coincide with the location of the sensor that recorded the reference 
motion. Let ( )refu t  be the reference motion, and ( )iu t  the motion at level i. Then, the 
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impulse response at level i is 4 521
ref refˆ ˆ ˆ( ) ( ) ( ) / ( )i ih t FT u u u> > > �� & #& #	 �% " % "

, where 

the hat symbol indicates Fourier transform, the bar indicates complex conjugate, and �  is a 
regularization parameter that is used to avoid dividing by a very small number [17]. At the 
reference level, the transfer function is unity, and its inverse is a Dirac delta function.  
 

 
 

Figure 1 -  Layered building model 
 

Applications to two buildings damaged by earthquakes and to an analytical model of a 
building-foundation-soil system showed that this method is robust when applied to damaging 
levels of earthquake response data, not sensitive to the effects of soil-structure interaction, and 
is local in nature [18, 19, 53, 54]. The damaged buildings are the former Imperial County 
Services Building, a 6-story RC structure in El Centro, California, damaged by the 1979 
Imperial County earthquake and later demolished [19, 55], and the 7-strory RC building in Van 
Nuys, damaged by both the 1971 San Fernando and the 1994 Northridge earthquakes [18, 56, 
57]. Another application is to a building in Banja Luka, in Bosna and Hercegovina, using 
records of 20 earthquakes, one of which led to levels of response that might have caused 
structural damage, although no damage was reported following a detailed inspection [20].  
 
While this method is local, its spatial resolution is limited by the number of sensors. A 
minimum of two sensors (one at the base and one at the roof) are required to determine if the 
structure has been damaged, and additional sensors at the intermediate floors are needed to 
identify the part of the structure that has been damaged.  
 



276

There are only a few publications in the literature on wave-propagation methods for structural 
health monitoring and damage detection in civil structures other than the NDT methods [11, 
13, 14, 18, 19, 58-60]. Similar wave travel-time analyses (using deconvolution or the NIOM 
method) of buildings that have not been damaged are described in [15-17, 53, 54, 61]. These 
studies show that the wave travel times reflect well the characteristics of the buildings studied. 
A recent review can be found in [18, 19, 23].  
 
IV.3  Inter-story drift      
 
Structural damage to a building under seismic loads occurs primarily due to large lateral 
deformations of its columns and shear walls because they are by design much stiffer in the 
vertical direction to carry the static gravity loads. A measure of the lateral deformations is the 
inter-story drift, which is also a fair indicator of the damage to the architectural (nonstructural) 
components (partition walls, facade, windows, etc.). As the value of the structure is only about 
10–25% of the total construction cost of a building, the damage to the nonstructural 
components can represent a significant portion of the total repair cost following an earthquake. 
For these reasons, the inter-story drift is one of the performance parameters considered in 
design. It is important to note that the structural and nonstructural damage are related only to 
the drift caused by deformation of the structure, and not to the drift caused by rigid-body 
translation and rotation.  
 
The level of damage (to a particular element and to the structure as a whole) varies depending 
upon the type of structure, height, and its ductility, among other factors. To illustrate the 
correlation, Table 1 shows some values of drift associated with different levels of damage 
(simplified from [43]) for ductile and nonductile moment-resisting frames (MRF), based on 
experimental data, field observations and measurements, and theoretical analyses. It can be 
seen from Table 1 that, roughly, interstory drift >1% for ductile and >0.5% for nonductile 
moment-resisting frames causes damage beyond repair, and drift >3% and >1% for the same 
type of frames is significant for life safety.  
 

Table 1, Drift Ratios (in %) Associated With Damage Levels [43] 
 

State of Damage        Ductile MRF Non-ductile MRF 
No damage <0.2 <0.1 
Repairable Light damage 
Repairable Moderate damage 

0.4 
< 1.0 

0.2 
<0.5 

Irreparable damage  >1.0 >0.5 
Severe damage, life safe, partial collapse 1.8   0.8 
Collapse >3.0 >1.0 

 
Drift-based assessment of the state of damage of a building following an earthquake would 
require measurement of the drift during the earthquake shaking, and a knowledge base of 
values of drift associated with different states of damage for the particular structure. The 
accuracy of the assessment would depend upon the accuracy of both the measurements and 
knowledge base. 
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The drift is commonly estimated from the difference of displacements obtained by double 
integration of recorded accelerations in the structure [62]. While in the past these calculations 
were performed by specialists after the data had been manually collected, at present such 
calculations can be done in near-real time either using telemetry or at the site. Such estimates 
of drift, however, are limited by the inability to estimate reliably the static component of the 
drift associated with permanent deformations (i.e., the drift at 0> D ), which is not 
negligible for structures experiencing large deformations in the nonlinear range of damaging 
response, and the inability to separate the drift due to deformation of the structure (which is 
directly related to damage) from the drift due to rigid-body rocking, which results from soil-
structure interaction [63].  
 
The inability to estimate reliably the static part of the displacement (and drift) is due to the fact 
that the traditional (translational) sensors are sensitive also to rotational motions of their 
supports [42, 64]. This introduces errors in the recorded translations, and the integrated 
displacements cannot be used to estimate the permanent displacements. This problem can be 
solved by deploying sensors recording all six components of motion (three translations and 
three rotations), and performing appropriate instrument correction. Such future deployments 
and their assessment are of interest to and have been advocated by the International Working 
Group on Rotational Seismology [65-67].  
 
The dynamic drift (for 0> - ) due to deformation of the structure only is not simple to 
estimate, especially for structures on soft soil with significant rocking and warping response of 
their foundations [68]. The rocking motions of the foundation are caused by the wave nature of 
seismic excitation, and by the feedback forces from the structure acting on the soil. The 
foundation rocking results in relative horizontal displacement between two floors and is not 
related to damage. Such displacements can, however, affect the overall dynamic stability of the 
structure, which may collapse before yielding occurs in its members, but that is out of the 
scope of this paper. The average dynamic floor rocking can be approximated from the 
difference between vertical motions recorded by two sensors on that floor, assuming the floor 
slab is rigid, but such sensor configurations are not routinely installed even in recent denser 
deployments in buildings. If the building foundation is fairly rigid, the rigid body rocking of 
the structure can be estimated from two vertical sensors at foundation level. Unfortunately, 
even such data is lacking for most of the significant earthquake records in buildings, and even 
in recent dense deployments [69]. The vertical sensors are also less sensitive to rotation of their 
supports and to cross-axis motion [70, 71].  
 
Permanent displacements can be measured directly using the Global Positioning System (GPS), 
and there have been such deployments in long-period structures [72]. While GPS 
measurements are not contaminated by rotation, they are limited by the fact that what is 
measured are only the roof absolute displacements, which makes it impossible to separate the 
displacement due to deformation of the structure from the rigid body horizontal translation and 
rocking. Two other limitations in the presently available systems are the small sampling rate 
(10–20 Hz) and the limited resolution of GPS for civilian applications ( 1�  cm horizontally 
and 2�  cm vertically).  
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Damage estimation algorithms based on published damage versus drift relationships (e.g. in 
Applied Technology Council (ATC), [21]) started to be implemented by manufacturers of 
strong-motion instruments in structural seismic monitoring systems, but there are no data yet of 
their performance. Despite errors in the assessment resulting from the mentioned difficulties, 
such algorithms are robust when applied to earthquake data and can be useful within a suite of 
methods.  
 
Matrices like the one shown in Table 1 can serve as a knowledge base in assessing the class of 
damage state for a given maximum drift reached. However, those are associated with scatter, 
due to the variability from one structure to another within the same class. Another source of 
scatter is the source of the data. Due to the limited amount of full-scale earthquake response 
measurements, information for such relationships is complemented from laboratory data (e.g. 
pushover tests). While the drift in the former is the total drift, which includes the drift due to 
rigid body motion of a building on flexible soil, the drift in the latter is only due to deformation 
of the structural elements.  
 
In summary, outstanding issues in measuring the drifts are: separation of the drift due to 
deformation of the structure only, and estimation of the static component of the drift. It may be 
possible to resolve these issues by deploying six-degree-of-freedom sensors. Another 
outstanding issue in the knowledge base is the need to accumulate more accurate data on drift 
versus damage-state relations for specific types of buildings. 
 
IV.4  System identification considering the effects of soil-structure interaction 
 
For frequency-based identification and for damage assessment based on drift, the effects of 
soil-structure interaction have a significant effect on the reliability of the estimation. This 
section presents a simple soil-structure interaction model, in which the building is represented 
as a shear beam. It illustrates the different contributions to the inter-story drift, the difference 
between fixed-base and apparent building frequencies and their relationship, and the 
relationship between the model fixed-base frequencies and wave travel times. More detailed 
analysis can be found in [53, 54].  
 
The model, shown in Fig.2, consists of a shear beam of height H and fundamental fixed-base 
frequency of vibration 1f , representing the building, and a rigid foundation of width 2a  
embedded in elastic half-space. The excitation, in this two-dimensional example, is an incident 
wave (plane P and SV or a Rayleigh wave). The motion on the surface of the uniform half-
space, in the absence of any structures, is commonly referred to as free-field. In the presence of 
a structure, the motion at the base of the building differs from the free-field motion at the half-
space surface because of two phenomena: (1) scattering and diffraction of the incident waves 
from the excavation for the foundation, and (2) differential displacements due to feedback 
forces from the building and foundation acting on the half-space through the contact with the 
foundation. The former phenomenon is referred to as kinematic and the latter, as dynamic or 
inertial interaction. For the linear problem and a rigid foundation, the two problems can be 
solved separately and their effects superimposed. The apparent frequency, which is the one 
estimated from peaks of energy distributions of the response, is affected mostly by the dynamic 
interaction, while the apparent drift is also affected by the type of incident waves, the point 
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rotation they produce on the ground surface, and the size of the foundation relative to the 
wavelength of the incident waves. To consider only the effects of the dynamic interaction, it 
suffices to take excitation consisting of only horizontal-foundation driving motion.  
 
In this two-dimensional example, the building foundation has three degrees of freedom: 
horizontal translation � , vertical translation V, and rocking angle R . In the linear 
approximation of the solution, only the horizontal and rocking motions are coupled, while the 
vertical motions are independent of the other degrees of freedom. Let the excitation be 
 

 
 

 
Figure 2 -  Soil-structure interaction model 

 
 
horizontal driving motion inp� . Then, the foundation response will be 

inp fb� 	 � ��       (1) 

fb inp, 0R R R	 	  ,                                         (2) 

where fb�  and fbR  are the feedback horizontal displacement and rocking angle, 

respectively, which depend upon the stiffness of the foundation and on the forces with which 
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the structure and foundation interact with the soil, and they are a solution of the dynamic 
equilibrium equations of the foundation. The building horizontal displacement, ( )u � , as a 
function of the height �  measured from ground level, is a sum of three terms 

rel( ) ( )u u� R� �	 � � � ,                               (3) 
 
where the first two terms are from the translation and rotation as a rigid body, and the third 
term is relative displacement from deformation during the vibration. The damage in the 

building will depend only upon rel ( )u � . It is noted here that including the coupling between 
horizontal and vertical motions turns the linear elastic system into nonlinear elastic [73].  
 
For the shear beam, ( )u �  can be computed as a solution of the wave equation for moving-

boundary conditions. It can be represented as a sum of motions ( )u �� , which is due to 

translation of the base only, and ( )uR � , which is due to rotation of the base only, where 

( ) cos ( ) / cosS Su k H k H� �� 	 � �    (4) 

( ) sin /( cos )S S Su k k k HR � R �	  ,  (5) 

where /S Sk V>	  and /S b bV 1 �	  is the shear-wave velocity in the building. 
Equations (4) and (5) imply the fundamental, fixed-base frequency of the structure 

1 /(4 )Sf V H	  and overtones at (2 1) /(4 ), 1n Sf n V H n	 � - . If *  is the time it 

takes for a wave to propagate from the base (at 0� 	 ) to the top of the building (at H� 	 ), 

the interference conditions in the shear beam imply 1 1/(4 )f *	 .   
 
Let us next consider the frequencies of vibration. If the building did not deform (if it is 
assumed to be rigid), the foundation and the building would oscillate freely as a rigid body 
with frequency RBf  such that  

2 2 2
RB H Rf f f� � �	 � ,                                           (6) 

 
where Hf  and Rf  are referred to as the horizontal and rocking foundation frequencies. Those 
depend upon the stiffness of the foundation and on the system mass [6]. If the building is 
flexible and would freely vibrate on its fixed base with fundamental frequency 1f , on flexible 

soil, it would freely vibrate with fundamental system frequency sysf , which is the soil-

structure system frequency and is a result of the coupling between the vibration of the building 
and the vibrations of the foundation. The following relationship then holds  
 

2 2 2
sys RB 1f f f� � �	 � .                  (7) 
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This relationship implies that � �sys 1 RBmin ,f f f;  and so sysf  is always lower than both 

1f  and RBf .  If 1f  and RBf  differ significantly, then sysf  would be closer to the smaller 

one of them. How much 1f  would differ from sysf  would depend upon the relative stiffness 

of the soil as compared with the building. The energy of the response of vibrating systems is 
concentrated around their resonant frequencies, which are measured from the frequency of the 
peaks of the corresponding transfer functions. The energy of the building roof response 
(absolute and relative) will be concentrated around sysf f	 .  

 
Of interest is how to estimate the relevant quantities from recorded response during an 
earthquake. If the building foundation is fairly rigid, and there are at least two appropriately 

located vertical sensors to compute the foundation rocking R  (average value), then rel ( )u �  

can be estimated. To measure sysf , the driving motion inp�  is also needed, so that the 

transfer function between the building response and inp�  in the free field can be computed. 

Motion from a nearby free-field site can be used for that purpose, but such sites are often not 
available, and truly free-field sites practically do not exist in urban areas. Also, for most 
instrumented buildings, the foundation rocking cannot be estimated because of the lack of two 
vertical sensors even under the ideal conditions that the foundation behaves as rigid.  
Consequently, for most instrumented buildings, the true relative roof displacement cannot be 
estimated from the recorded data, but only the apparent relative displacement  
 

rel rel
app ( ) ( ) ( )u H u H u H HR	 �� 	 �             (8) 

 
which includes the contribution of the roof displacement due to rigid-body rotation, and only 

the transfer-function rel
app| ( ) / |u H �  can be computed, the peak of which gives the 

apparent building frequency appf , which is different from both the fixed-base frequency and 

the system frequency.  
 
 
What is of interest for structural health monitoring is that the energy of the roof response will 
be concentrated around sysf f	 , not around 1f f	 . It is also significant that the damage 

will depend upon rel ( )u � , while what is usually measured is rel ( )u H� R� .  
 
Todorovska [53] presents a detailed comparison of model and measured transfer functions for 
the NS response of the Millikan Library in Pasadena, California, for the data recorded during 
the Yorba Linda earthquake of 2002.  
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IV.5    Detection of Novelties in the recorded response  
 
Detection of novelties is used in data mining to detect unusual events in data. The unusual 
events are outliers deviating from the trend. Within the framework of multi-resolution analysis, 
the trends and novelties are determined by splitting the signal into two sub-bands, one smooth 
(low frequency) and the other containing the detail (high frequency). By consecutively splitting 
the smooth sub-band, trends and detail are obtained at different resolution levels. If J is the last 
level, then there will be J detail sub-bands iD , 1,...,i J	  and one smooth sub-band JS . The 

last smooth sub-band can be expanded based on scaling functions , ( )J k tR , and each of the 

detail sub-bands, a basis of wavelet functions , ( )j k tS , leading to the representation of a 

discrete time signal [ ]s n , 1,...,n N	 : 
 

/ 2 / 2

, , , ,
1 1 1 1

[ ] [ ] [ ] [ ] [ ]
j JJ J N N

j J j k j k J k J k
j j k k

s n D n S n d n s nS R
	 	 	 	

	 � 	 �/ / / / . (9) 

 
The coefficients of the expansion, ,j kd  and ,J ks , can be computed using the fast wavelet 
transform. The pyramid algorithm on which it is based [74] is shown in Fig. 3.  
 
 

 
 

Figure 3 -  The pyramid algorithm for the fast-wavelet transform 
 

 
The wavelet functions , [ ]j k nS , where j is the level and k is the time shift, are localized both 
in frequency and in time, and each wavelet is a projection of the signal onto the corresponding 
tile of the phase plane. For a wavelet basis that is orthonormal, the square of the wavelet 
coefficient represents the energy of the signal in the corresponding tile of the phase plane. 
 
The damage detection method is based on the assumption that, when damage occurs and there 
is a sudden loss of stiffness, there will be some abrupt change in the response that will produce 
novelties. These would be seen as spikes in the time series of the square of the detail 
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coefficients (e.g., 2
1,kd , 1,..., / 2k N	  for the highest-detail coefficients) plotted versus the 

central time of the corresponding wavelet. These spikes indicate high-frequency energy in the 
response. For data with a Nyquist frequency of 25 Hz, which is common for many recordings 
of strong motion in buildings, the novelties can be best seen in the highest-detail sub-band 
(12.5–25 Hz), which is away from the frequencies of the first few modes of typical buildings, 
where the response is amplified by the structure.  
 
Applications to numerically simulated response of simple models with postulated damage [75, 
76] have shown that this method can point very precisely to the time of damage but that the 
changes are detectable only if the spikes in the wavelet coefficients are above the noise. 
Further, the magnitude of the novelties is larger if the sensor is closer to the location of the 
damaged member, and it may be difficult to detect damage if the sensor is far from the location 
of the damage. There have been only a few applications to earthquake response records in 
buildings. Rezai et al. [77] and Hou et al. [75] have shown that there are novelties (spikes) in 
earthquake records of damaged buildings, but they have not discussed and extracted other 
possible causes. Todorovska and Trifunac [60, 78] presented a detailed analysis of the 
correspondence between the spatial distribution and amplitudes of the detected novelties and 
the observed damage to the Imperial County Services building, and also analyzed the noise. 
Their study showed that the spatial distribution and magnitudes of the novelties were consistent 
with the spatial distribution and degree of the observed damage, that the timing of those 
suggesting major damage agreed with the time of significant drops in frequency and of large 
inter-story drifts, and that the novelties were much larger in the transverse response, in which 
the building was stiffer.  
 
In summary, the method of novelties is very effective in determining the time of occurrence of 
damage, and it can reveal the spatial distribution and degree of damage if there is sufficiently 
dense instrumentation. Unresolved issues are how to distinguish novelties that are not caused 
by damage, and how to distinguish small novelties caused by larger damage far from the sensor 
from those due to small damage close to the sensor. 
 
V. EXAMPLES    
 
The above described methods for structural health monitoring are best tested and evaluated in 
terms of the recorded strong motion in actual buildings, which experienced some damage, 
which can be verified independently. Two such buildings, the former Imperial County Services 
(ICS) building and the Van Nuys 7-story hotel (VN7SH) are both such examples of 
instrumented buildings damaged by earthquakes, for which descriptions of damage and strong-
motion data are fairly complete and available. These buildings have been studied in a series of 
papers, and the results of these studies are next briefly summarized. 
 
Imperial County Services (ICS) building   
 
The ICS building was a 6-story reinforced concrete structure located in the El Centro, 
California. It was designed in compliance with the 1967 Uniform Building Code, and its 
construction was completed in 1969 [79]. The building was severely damaged by the Imperial 
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Valley, California, earthquake of October 15, 1979  (M = 6.6), and it was later demolished. The 
major failure occurred in the columns of a frame at the east end of the building, at the ground 
floor. The vertical reinforcement was exposed and buckled, and the core concrete could not be 
contained, resulting in sudden failure and shortening of the columns subjected to excessive 
axial loads. This in turn caused an incipient vertical fall of the eastern end of the building, 
causing cracking of the floor beams and slabs near the adjacent line of columns on the second, 
third, and higher floors.  
 
The building was instrumented by a 16-channel seismic monitoring array consisting of a 13-
channel structural array of force-balance accelerometers (FBA-1), with a central analog 
recording system and one tri-axial SMA-1 accelerometer in the free field, approximately 104 m 
east from the northeast corner of the building. During the Imperial Valley earthquake, the peak 
accelerations at the roof and ground floor were 571 cm/s2 and 339 cm/s2, respectively, in the 
NS direction and 461 cm/s2 and 331 cm/s2 in the EW direction. Todorovska and Trifunac [55] 
found that during the most severe segment of shaking, the inter-story drifts exceeded 0.5% for 
NS and 1.5% for EW motions, which is consistent with irreparable-to-severe damage (Table 1). 
They also found that during the first phase of strong shaking (from t C 3.5 s to t C 7 s after 
trigger), the EW frequency dropped by about 24%, and then continued to drop gradually 
additional 21% (up to t C 17 s).  
 
Impulse response analysis for the EW response [19] showed initial wave velocities of 201 m/s 
through the first floor, 183 m/s between the 2nd and 4th floors, and 111 m/s between the 4th floor 
and roof. During strong shaking in EW direction, the corresponding stiffness of the first story 
dropped by about 80%. This drop was also large (72%) between the 2nd and 4th floors, and 60% 
between the 4th floor and roof, which is consistent with the spatial distribution of the observed 
damage.  
 
Todorovska and Trifunac [60] showed that the sources of the largest novelties in the recorded 
motions occurred at the 2nd floor at the east side of the building, where the most severe damage 
(failure of the first-story columns) occurred. The relative timing of the largest novelties also 
suggests that the collapse of the columns of the first story occurred at about 11.2 s after trigger. 
The other two large novelties, which occurred at about 8.2 s and 9.2 s, respectively, after 
trigger, indicate damage that weakened the structure before the collapse of the first-story 
columns.  
 
In the synthesis and interpretation of different indicators of damage in ICS building [19], a 
comparison of different estimates of frequencies for EW motions 1f , from wave travel times 

using impulse response method, system frequency sysf , estimated from time-frequency 

analysis [55], and 1f  using ETABS models [79]) showed that the estimates based on wave 
travel times are consistent with all other results and therefore offer a reliable and robust 
approach to structural health monitoring.  The fact that the estimates of 1f  do not depend on 
and can be extracted from recorded data without having to consider soil structure, interaction 
represents a major breakthrough for structural heath monitoring in real time. 
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Van Nuys Hotel (VN7SH)-Holiday Inn 
 
This VN7SH building, the reinforced concrete structure built in 1966, 19.1 � 45.7 m in plan, 
with seven stories and 20 m high, was damaged by the 1971 San Fernando and 1994 
Northridge earthquakes [56, 80]. The structural damage in 1994 was extensive in the exterior 
south frame, but less severe in the north frame. These frames were designed to take most of the 
lateral load in the longitudinal (EW) direction. Severe shear cracks occurred at the middle 
columns of south frame near the contact with the spandrel beam of the 5th floor, which 
decreased the capacity of the columns.  
 
The 1994 response of VN7SH was recorded by a 13-channel CR-1 central recording system 
(channels 1 through 13) and by one tri-axial SMA-1 accelerograph (channels 14, 15, and 16), 
with an independent recording system and a common trigger time.  Ambient-vibration tests in 
VN7SH, after the 1994 Northridge earthquake, have shown that the foundation supported by 
piles deformed during passage of micro-tremor waves and, therefore, also during passage of 
much larger strong-motion waves. The ambient-vibration tests also showed that the center of 
torsion for VN7SH is outside the building plan, close to its southeastern corner. Analyses of 
strong-motion records have confirmed that this eccentricity may have been present in all post-
1971 excitations, possibly associated with some asymmetry in the soil-pile system dating back 
to the construction of the building in 1966, or caused by damage to the piles during the 1971 
San Fernando earthquake [57]. 
 
Figure 4 shows a summary of the health-monitoring results for the VN7SH building [18]. It 
shows a comparison of fixed-base frequency 1f  during 11 earthquakes estimated from wave 

travel times, and system frequency sysf  during the same earthquakes estimated by time 

frequency analysis (Gabor transform), as well as estimates of sysf  during ambient vibration 

tests. The analysis shows that, during the 1971 San Fernando earthquake, 1f  decreased by 
about 40% (relative to its value within the first 5 s from trigger), which corresponds to a 
decrease in the global rigidity of about 63%. During the 1994 Northridge earthquake, 1f  
decreased by about 22% (relative to its value within the first 3 s from trigger), which 
corresponds to a decrease in the global rigidity of about 40%. The analysis also showed that, 
although sysf  was always smaller than 1f  , their difference varied, contrary to what one could 

expect from a linear soil-structure interaction model. It also showed that, while sysf  was 
significantly lower during the Landers and Big Bear earthquakes, compared with the previous 
earthquakes, 1f  did not change much, which is consistent with the fact that these earthquakes 
(which occurred about 200 km away from the building) did not cause damage. This shows that 
monitoring changes in sysf  can lead to false alarms about the occurrence of damage, and that 

1f , as estimated from wave travel times by the proposed method, is a much more reliable 
estimator of damage. 
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Figure 4 - Variations of f1 and  fsys in the Van Nuys building during the 11 earthquakes between 
February 1971 and December 1994. Measured values of fsys during five ambient vibration 
tests: (1) in 1967, following construction; (2) in 1971, after San Fernando earthquake and 
before repairs; (3) in 1971 after the repairs, (4) in January 1994, eighteen days after the 
Northridge earthquake, and (5) in April 1994, after the building was restrained by wooden 
braces.  

In the above examples, we illustrated the vibrational and wave-propagation tools for structural 
health monitoring in terms of the simple, one-dimensional models of buildings, in which the 
changes are assumed to occur mainly as a consequence of the reductions in the equivalent 
stiffness of structural members. We did not discuss the more complex representations in which 
the model geometry and the centers of stiffness change with time and location, as a structure 
evolves into its final damaged state. Such considerations require more advanced models and 
can lead to many more possible outcomes. Such analyses will require specialized, site-specific 
modeling, which is beyond the scope of this review.  
 
VI. FUTURE DIRECTIONS  
 
A successful system for earthquake damage detection and early warning would involve 
applications of technologies in fields other than structural mechanics and engineering, such as 
sensing, data communication, signal processing, artificial intelligence, and decision analysis. 
The end of the 20th and the beginning of the 21st century have been marked by a revolution in 
the development and affordability of the technologies in these other fields. Much research in 
structural health monitoring for civil structures has been directed toward adaptation of these 
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technologies to civil structures. The remaining challenge is to develop a system that is robust, 
redundant, and well calibrated, that will neither miss significant damage nor produce false 
alarms. Achieving this would require focusing efforts and resources on further developing 
those methodologies that are robust when applied to real structures and data, and on calibrating 
them using documented, full-scale data. Further enhancement of the spatial resolution of such 
methods would also benefit from inexpensive and reliable new sensors. 
 
All of this will have to be accomplished by continuously expanding our experience in dealing 
with the complexities of meta-stable damage states of engineering structures, which will 
gradually become more feasible with the formulation of realistic physical models. 
Nevertheless, the practical outcome of most approaches in engineering will probably remain 
empirical. Also, the art of dynamical modeling will have to be further developed, especially for 
the assessment of the damaged states of engineering structures that are highly nonlinear and 
chaotic. In the end, in structural health monitoring and in the design of earthquake-resistant 
structures, the fact that some modeling problems will remain will have to be accepted. 
Considerable progress will be achieved if the success is gauged by the degree to which the 
predictions match observations in the full-scale structures, contributing toward safety, the 
minimization of disruptions, and the productivity of society in seismically active regions [23]. 
 
As we already noted, the goal of structural health monitoring is to detect the location, the 
extent, the nature, and the time of occurrence of the damage, in real time. Having detected the 
damage, the objective is then to provide a real-time means of dealing with its consequences. 
During propagation of damage (nonlinear waves) in structural members, point rotations will 
become large in the areas of strain localization. In the future, strategically placed rotational 
sensors will be used to detect initiation of damaging deformations, and the recorded data will 
be used to determine the location and extent of damage. At present, in the absence of recorded 
data in full-scale structures, only computer models can be used to explore the nature of these 
large point rotations and to develop advanced detection algorithms [81].  
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PROJEKTOVANJE SEIZMI�KE OTPORNOSTI NOVIM 
METODAMA – Iskustva iz Kobe zemljotresa, 1995. u Japanu 
 
Rezime: 
 
Šteta prouzrokovana Kobe zemljotresom od 17. Januara 1995. pokazala je da javnost 
zahteva viši stepen otpornosti u sistemima infrastrukture. Uobi(ajene vrednosti 
projektovanih duktiliteta (esto vode konstrukcijama koje gube funkcionalnost ili ne 
mogu biti popravljene. Metode iz tehnologije kontrole seizmi(kog odgovora, u 
rastauraciji, oja(anju i projektovanju novih konstrukcija ne samo sto smanjuju 
o(ekovano razaranje ve* i osiguravaju njihovu funkcionalnost u saglasnosti sa 
savremenim metodama projektovanja zasnovanim na o(ekivanom ponašanju 
konstrukcije pri razli(itim nivoima seizmi(kog optere*enja.  
 
Klju"ne re"i: Silni zemljotresi, prihvatljiv risk, projektovanje za o"ekivano 
ponašanje konstrukcije, metode iz tehnologije kontrole seizmi"kog odgovora. 
 
EARTHQUAKE-RESISTANT DESIGN WITH NEW 
METHODS - Lessons from KOBE Earthquake, 1995, in Japan 
 
Summary: 
 
The lesson from severe damage to civil infrastructures caused by the Kobe 
earthquake of January 17, 1995, is that public opinion has been demanding higher 
performance by the infra-systems. The conventional ductility demand design 
methods often make structures non-operational and un-repairable. The structural 
control technology for restoration, retrofit, and construction of new structures not 
only to reduce structural damage but also to assure their function is emphasized in 
the framework of the performance-based design approach. 
 
Key words: Severe Earthquakes, Acceptable Risk, Performance-Based Design, 
Structural Control Technologies  
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1 ACCEPTABLE SEISMIC DESIGN LEVEL 
 
1.1 CHANGES IN SEISMIC DESIGN METHODS  
 

Seismic design force must be determined when conducting seismic design, but making 
decisions on design loads based on natura1 phenomena is not an easy task. In practice, 
standards are constantly revised based on earthquake damage experience and seismic records. 
To ascertain the causes of structural earthquake damage, the period of the seismic design 
standard of the structure in question must be identified. 

In the relatively simple seismic design methods, structural safety checks were conducted by 
applying the seismic forces consisting of a certain percentage of the weight of the structure in 
the horizontal or vertical direction. The ratio of the seismic force to the structural weight is 
known as design seismic coefficient [1–3]. 

Japan and the U.S, especially the state of California, experienced similar types of 
earthquake damage in the past, and have progressively revised their seismic design standards 
(Tables 1 and 2). While a number of conclusions can be drawn from these tables regarding 
earthquake damage in Japan, in this paper the discussion is limited to the structural damage. In 
the U.S., the first strong ground motion accelerographs were installed in the early 1930s [4]. 
During the same period, the seismic design coefficient was 0.02, which is amazingly small 
value compared with present practice. In 1955, the coefficient was raised to 0.06 in the uniform 
Building Code, although this was also a very low value. Before 1970�seismic design of 
structures in Japan merely guaranteed the elastic strength of structures against seismic load—a 
0.2 design seismic coefficient in the horizontal direction. In the Tokachioki earthquake of 
1968, a shear failure phenomenon was observed in which reinforced concrete columns became 
brittle and collapsed. A large number of similar failures were observed in the 1971 San 
Fernando earthquake in California. 

In the first half of the 1970s, numerous studies were conducted to investigate the cause of 
shear failure. Those studies concluded that to prevent major damage by collapse in earthquakes 
where the seismic force exceeds structural strength, shear failure must be avoided at all costs, 
and structures must be made more ductile. 

Consequently, from the 1980s onward, regulations on structural details such as increasing 
the number of transverse hoops, were introduced to improve the ductility of structural parts and 
structural systems as a whole. Studies of expressways, Shinkansen railways, and buildings that 
suffered major collapse in the Southern Hyogo earthquake also showed that the main cause was 
RC shear failure. Further, steel piers that did not suffer serious damage prior to the Southern 
Hyogo earthquake experienced local buckling in response to seismic force exceeding the 
design seismic force, with two cases of complete collapse. Most of the structures that suffered 
major damage were of pre-1970 construction, and thus they had not benefited from the lessons 
of 1968 and 1971.  

 
1.2 SEISMIC DESIGN FORCE AFTER FUKUI AND KOBE EARTHQUAKES  
 
   The Fukui earthquake in 1948 was a typical near-field earthquake, which struck Fukui City 
and caused very severe damage to buildings and infrastructure. Structural damage modes were 
found to be similar to those of the Kobe earthquake. Due to the extremely high collapsed rate 
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of houses (almost 100� in most areas of Fukui City), the Japan Meteoro1ogical Agency 
(JMA) Scale (intensity scale) � was established, in addition to �, which was the highest 
intensity before the Fukui earthquake. A new project to develop a strong-motion accelerograph 
(SMAC) was also started. 

In the comprehensive report on the damage by the general headquarters (GHQ) office of 
far-east command, it is clearly stated that the maximum acceleration of the ground reached 0.6 
g, from the survey of over-turning of tombstones. 

Questions arise as to why the seismic design coefficients were not increased from 0.1 or 0.2 
(which have been used before the earthquake) to higher values. The reasons might be related to 
the seismic design methods and construction cost. The seismic design methods of that time 
were based only on the elastic strength of structural members against the static seismic lateral 
force. Hence, if the seismic design coefficient had been increased to 0.6� it would have 
required 6 times higher strength in the structural members. Consequently, very high 
construction cost would have been required, which could not be accepted by the society of that 
time. For these reasons, the GHQ report of the Fukui earthquake was not made public. 

During the Kobe earthquake, some of the recorded accelerograms showed very large 
amplitudes (more than 0.8g) of ground motion [5]. To design structures for such extreme 
earthquake ground motion, inelastic design methods have been employed since around the 
1960s, depending upon the results of the inelastic loading tests of structural elements and 
numerical earthquake response analyses of inelastic structures. 
    

 
Figure 1 - Comparison of strength demand (inelastic response) spectra. 

 
 

   The basic concept of the conventional inelastic design method is to give structures dynamic 
strength and ductility, making the structural system as a whole capable of absorbing the 
seismic energy. To make a structure as resistant to earthquake damage as it would be if its 
dynamic strength were increased 10 times (from 0.2 g to 2.0 g), it must have a ductility that 
enables it to maintain its resistance while it is substantially deformed. Although some damage 
(like cracking of concrete and yielding of steel materials) will occur, the structure should not 
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collapse. In other words, if the structure has sufficient ductility to absorb seismic energy, even 
if it is exposed to inelastic deformations beyond its elastic strength, it should not collapse. 
     With the inelastic seismic design method, smaller elastic strength is required for structures 
with the higher ductility. 

The required elastic strength is plotted for selected ductility factors (¦�1, 2, 5, 10, 20) in 
Fig. 1. These are called the strength demand (or nonlinear response) spectra. For the classical 
El Centro accelerograms recorded during the Imperial Valley earthquake in 1940, the required 
maximum elastic strength level for inelastic design with the allowable ductility factor 5 is 
around 0.25 g, which matches with the conventional earthquake design of buildings and 
bridges. However, for the Kobe accelerogram recorded at JMA Kobe Station in 1995, 0.5 g is 
required as the elastic strength even with the allowable ductility factor of 10, for the short 
periods. In this short-period range, the present (revised) design codes have the demand factor 
about two times larger than before to reduce the damage expected due to the shock-type 
loading of the near-field earthquake ground motion. 

 
1.3 WHAT ARE OPTIMAL OR ACCEPTABLE SEISMIC DESIGN LEVELS?  
 
   Most people will not accept high risks, which occur without any warning, even though those 
events can be expected with low probability of occurrence. People tend to accept the expected 

risk only when they feel that there are benefits, even when paying the cost for the risk 
reduction. 
   Quantifying the cost associated with earthquake risk is not easy, because of the uncertainties 
in earthquake occurrence itself, in the strength of the ground motion, and in the secondary 
social and economic losses. There are many ways to institute countermeasures, and those will 
depend upon different approaches to reducing infrequent but high risk. It is not possible to 

 
 
Figure 2 - Trade-off curves of construction cost and expected loss with seismic design level. 
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determine uniquely optimal or acceptable design levels, even when the expected cost is 
quantified. It is natural to accept that owners of different buildings have different ideas about 
the seismic safety. 
   Public structures constructed with tax money are the infrastructures, which are expected to be 
used for a long time and in cases of emergency. Higher performance is demanded of these 
structures, including avoidance of the economic losses associated with damage and post-
earthquake loss of function. It is also expected that more developed societies demand a higher 
level of safety. 
  Because the higher cost is necessary to achieve higher performance of structures, the optimal 
seismic design can be determined from cost-benefit trade-off analyses. However, technological 
innovation can realize the high performance without increasing the cost. This can be 
understood from analogy with the high performance of modern cars and computers, even with 
decreasing cost. 
Fig. 2 shows conceptual trade-off curves of expected loss and construction cost, versus 

seismic design level. At the time of the Fukui earthquake, the construction cost increased 
rapidly with seismic design level, which made the optimal design leve1 (point of the minimum 
total cost) low. However, when construction cost does not increase sharply, the higher optimal 
seismic design level can be achieved with a lower total cost. Therefore, the development of 
low-cost construction technology for higher performance of structures is the key for realization 
of the higher seismic design levels. 
 

 

 
 
Figure 3 - Publicly demanded seismic performance objectives of civil infrastructures. 
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2 PERFORMANCE-BASED SEISMIC DESIGN 
 
2.1 SPECIFICATION OF PERFORMANCE-BASED DESIGN  
 
   There were many questions from news media and the public about why many civil 
engineering structures collapsed in the Kobe area in a country with highly developed 
earthquake engineering. The answer is that several to ten times larger-than-design seismic 
loads acted on the structures, which had no adequate ductility. Most damage was found in 
relatively old structures which were designed with the codes before the 1970s. Only the elastic 
strength was required then, and checking for inelastic behavior was not a required practice. 
Consequently, some structures had almost no ductility and failed when excited by higher-than-
design seismic forces. 
   Before the Kobe earthquake, almost all seismic design codes were based on these 
specifications, which simply specified the design process, seismic loads, and the methods of 
calculations. However, most design guidelines did not require one to find the ultimate capacity 
and performance of structures under extreme loading conditions. The lessons from the 
structural damage due to the Kobe earthquake showed how important it is to clarify the 
expected performances of structures against higher and different levels of earthquake ground 
motion. 

Figure 4 - Inelastic restoring force and limit state of ductile structures. 
 
 
 
 

 



301

2.2   FRAMEWORK OF PERFORMANCE-BASED DESIGN  
 
   It is not easy to reach a consensus on the acceptable seismic risk. It may be agreeable and 
reasonable to develop design methods in which owners of structures can select the preferred 
multiple performance objectives for different earthquake severities. 
    In order to provide engineers with the tools needed to satisfy society’s needs, the�
performance-based design approach was proposed by the SEAOC Vision 2000 Committee. 
Vision 2000 [6] has identified five structural performance levels: Fully Operational; 
Operational; Life Safe; Near Collapse, and Collapse (as shown in Fig. 3). This figure also 
shows four different hazard levels: Frequent earthquakes, having a 50�chance of being 
exceeded in 30 years (mean return period T = 43 years); Occasional earthquakes, having a 50% 
chance of being exceeded in 50 years (T = 72 years); Rare earthquakes, having a 10% chance 
of being exceeded in 50 years (T = 475 years) and Very Rare earthquakes, having a 5% chance 
of being exceeded in 50 years (T = 970 years). From the matrices of performance and hazard, 
owners of structures can select the preferred one from different performance objectives: the 
basic objective, the essential/hazardous objective and the safety-critical objective. 
   The new seismic design codes issued after the Kobe earthquake for buildings, railway 
facilities, and road bridges in Japan adopted the concept of the performance-based design 
approach. 
 
2.3 STRUCTURAL LIMIT STATES TO MEET PERFORMANCE OBJECTIVES  
 
   After the preferred performance objectives are selected, corresponding structural limit states 
have to be determined for detailed structural design. Several limit states of structures in the 

Table 2 Performance Lessons Learned 
From Kobe Earthquake 

 

Performance Level of 
Infrastructure 

Acceptability or 
Allowability 

(��	�
) 

Fully Operational � 

Operational With Limited 
Capacity/ Repaired Within a 

Short Time 
� 

Not Operational but 
Repairable/ Life is Not in 

Danger 
               	 

Not Operational, Not 
Repairable/ 

Life is in Danger 

 

Collapse/No Life Safety 
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force-displacement relation are shown in Fig. 4. The limit states may correspond to 
performance levels such as yielding limit for fully operational, allowable displacement limit for 
operational, ultimate restoring force limit for life safe, and ultimate displacement limit for near 
collapse. These limit states can be used to achieve the selected performance objectives. 
 
2.4  DEMAND FOR SEISMIC PERFORMANCE OF INFRASTRUCTURES  
 
   From the experience of damage caused by the Kobe earthquake, the public demand for 
seismic performance of civil infrastructure became relatively clear (it is shown in Table 2). 

Civil infrastructure is constructed with taxes paid by the public. Hence, collapse or near 
collapse with non-repairable damage cannot be accepted even for the very rare earthquake 
loading. Infrastructures are also expected to serve as public tools to help with reconstruction of 
other damage. Therefore, infrastructure has to be repaired in a short time, even though its 
functions are interrupted by severe earthquake loading. The publicly demanded seismic 
performance objectives for infrastructure are shown in Fig. 5, where structural damage has to 
be limited even for very rare earthquake loading. To achieve these objectives, new 
technologies have to be developed. 
 
3 FROM DUCTILITY DEMAND TO STRUCTURAL CONTROL  

 
   For restoration of damaged structures, retrofit of old structures, and construction of new 
structures, every possible method should be utilized. Present and future methods can be 
grouped into the fo11owing three categories, which are schematically illustrated in Fig. 6. First 

 
 
 
Figure 5 -  Publicly demanded seismic performance objectives of civil infrastructures. 
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is the conventional ductility demand (or inelastic) design method, second is the base-isolation 
design method, and third is the dynamic-response-control method.  
 
3.1 DUCTILITY DEMAND DESIGN  
 
   With the ductility demand (inelastic) design method, structures can be designed to have 
relatively low elastic strength and high ductility (deformation capability). However, once the 
response goes deeply into the plastic range (such as ductility factor of � = 10), the structure 
may not be operational or repairable due to large plastic deformation after an earthquake. For 
higher reliability of structures even under a very severe earthquake motion, structural control 
techniques, which effectively reduce seismic force generated in structures, should be developed 
[7, 8]. 
 
3.2 DESIGN  WITH THE BASE-ISOLATION METHOD 
 
   In recent years, especially after the Hyogoken-Nanbu earthquake, base-isolation techniques 
have been more actively adopted in the design of buildings, bridges, and other structures in 
Japan. The basic principle of base isolation is to reduce the input earthquake energy and 

 
 
Figure 6 - Schematic illustration of ductility demand design (left), base isolation (center) and 
dynamic control (right). 
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response acceleration by soft bearings, and also to suppress excessive displacement by 
damping. It can be easily understood from the general features of the response spectra that the 
absolute acceleration response is reduced with the longer natural period, especially more than 2 
seconds, and relative displacement response becomes lower with the higher damping ratio. In 
Japan, the following types of base isolation bearings have been used [7, 8]. 
 
� � �Rubber Bearings + Inelastic Steel Damper 
� � �Rubber Bearings + Lead Damper + Friction Damper� � � � � � �  
� � �Rubber Bearings + Viscous Damper 
� � �Lead Rubber Bearing 
� � �High-Damping Rubber Bearings 
� � �Sliding Bearing 
 
   The code provisions for base-isolated buildings and bridges are already developed in Japan, 
and are adopted for implementation. The earthquake records obtained from base-isolated 
buildings during the Northridge, Hyogoken-Nanbu, and other earthquakes are also reported to 
verify effective reduction of earthquake response in base-isolated structures. 
   In the restoration of the Benten Viaduct of the Hanshin Expressway, base-isolation bearings 
are used at the foot of the columns of the frame-type highway viaduct to reduce seismic forces, 
which act on foundations, because old foundations were used for construction of new upper 
structures. This has been a unique way to implement isolation bearings, in which effects of 
variation of the axial force and rotational force cannot be neglected. The reliability of base-
isolated bearings under combined loads has been experimentally tested by the author [9]. 
 
3.3 DYNAMIC-RESPONSE-CONTROL METHODS  
 
   Although there were no structures with seismic-response-control devices in the Kobe area 
during the earthquake, the importance of the structural control techniques is suggested, as 
schematically illustrated in Fig. 6. It is expected that the use of the control devices in the design 
of different structures will increase in the future. The reason is the requirement for higher 
performance of structures even under severe earthquake motions. The functions of important 
structures shall be protected by innovative structural control systems [10, 11]. Seismic-
response-control devices can be grouped into passive and active systems. Passive systems 
require neither sensors nor actuators, and hence their maintenance is relatively easy. As passive 
systems, tuned-mass dampers (TMD), fluid-viscous dampers, visco-elastic dampers, friction 
dampers, yielding-metal dampers, and joint dampers are used at present. 
 
3.4 TMD AND TLD  
 
   Tuned-mass dampers consist of a vibration system with a mass, spring, and viscous damper, 
usually installed on the top of structures. When a structure starts to vibrate, TMD is excited by 
the movement of the structure. Hence, the kinetic energy of the structure goes into the TMD 
system to be absorbed by the viscous damper of TMD. The basic principle of operation of the 
tuned-liquid-damper (TLD) is the same as TMD. Because both TMD and TLD need some time 
to become effective in absorbing the energy, they may not work well for near-field earthquake 
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ground motions, which contain large, short, and powerful strong-motion pulses, as opposed to 
the far-field earthquake motions with long time durations. 
 
3.5 YIELDING-METAL DAMPER  
 
  The hysteretic behavior of steel or lead elements absorbs the energy, and hence reduces the 
structural response. Hysteretic loops for stee1 elements may be represented by bilinear models. 
For middle and small earthquake motions, a large amount of energy absorption may not be 
expected because of high stiffness of the elements, but for large earthquake motions, large 
dissipative effects can be expected in the presence of large hysteretic 1oops. The lead damper 
has lower stiffness than the steel damper, and its hysteresis loop may be approximated by 
perfectly elasto-plastic models, which show stable energy-absorbing capacity. Yielding-metal 
dampers are used in Japan not only as a part of base-isolation bearings but also as structural 
control devices such as energy-absorbing braces in structural frames and a joint damper 
system, which connects buildings with different stories. 
 
3.6 FRICTION DAMPERS  
 
   Friction dampers absorb energy of vibration by friction. Cylinder-type, stee1-plate-sandwich-
type, and rotational-type [12] devices are being developed. Recently, friction-type base-
isolation bearings have also been developed. Their engineering merits are the high damping 
capacity and the limitation of the restoring forces due to sliding. It was recently proposed that 
not only positive but also negative stiffness of the restoring force can be added by using the 
curvature of the sliding surface [13]. 
 
2.7 VISCO-ELASTIC, FLUID-VISCOUS AND HIGH-DAMPING RUBBER 

DAMPERS  
 
   Conventional fluid-viscous dampers have been used to dissipate the energy with velocity-
proportional damping, but they have the difficulty of requiring long-term maintenance of the 
fluid in the cylinders. For less maintenance, visco-elastic dampers were developed, which 
consist of visco-elastic layers bonded to steel plates. Recently, high-damping rubber material 
has also been used as an energy-absorbing device. 
 
2.8 ACTIVE,  HYBRID, AND SEMI-ACTIVE CONTROL SYSTEMS  
 
   Due to the recent development of sensing and digital control techniques, active and hybrid 
control methods of dynamic response of structures are being developed, and some have been 
implemented in buildings and on bridges. The merit of the active control methods is that they 
are effective for a wide frequency range and also for transient vibrations. However, the active 
control methods require a large amount of external energy supply, and also a high level of 
maintenance. When a linear feedback control law with constant gain is used, saturation of 
control force cannot be avoided at the time of strong earthquake ground motions. Hence, a 
nonlinear control algorithm with the variable gain can be used. The effectiveness of one such 
system was tested with the full-scale, real-size building model at the Disaster Prevention 



306

Research Institute (DPRI) of Kyoto University. The full-scale model and the nonlinear control 
algorithm are explained in detail in the references [14–17]. 
   The hybrid control methods, which consist of both passive and active devices have been 
proposed and implemented, utilizing the merits of both passive and active methods and 
avoiding their disadvantages [18]. 
 
2.9  NEGATIVE STIFFNESS DAMPER   
 
 Recently, semi-active control methods, which use variable stiffness and damping devices, 
were found to effectively reduce the earthquake response of structures. The author found both 
that the negative stiffness of variable dampers can achieve effective reduction of earthquake 
response [15] and that sky-hook dampers generate a negative stiffness restoring force against 
relative displacement of structures [19]. He developed passive–type, negative-stiffness 
dampers [20] that are patented in Japan and the U.S. 
 
3 CONCLUDING REMARKS 
 
   During the Hyogoken-Nanbu earthquake, many civil infrastructures and buildings not only 
experienced severe structural damage but also lost their function and caused major secondary 
socioeconomic effects following the earthquake. In the framework of the performance-based 
design approach, the seismic performance objectives for infrastructure need to be identified 
and implemented. 
  The conventional inelastic seismic design methods may not be sufficient to assure the 
function of important structures during very large earthquake ground motions. Structural 
control concepts are becoming essential for future earthquake design of structures. In 
particular, future large-scale structures such as very-long-span suspension bridges and very tall 
buildings may be designed taking advantage of the structural control technology. However, 
innovative research and development of new materials, new devices, new control systems, and 
new control algorithms are urgently needed. 
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Table 1. Selected Examples of Chronological Milestones of Earthquake Damage and 
Earthquake-Resistant Design Codes in North America and other countries�  

� � � �  
1906   San Francisco earthquake (M8.3) 
1908   Messina-Reggio disaster in Italy 
1923   Great Tokyo earthquake and fire 
1924   First earthquake design code in Japan 
1933   Long Beach earthquake in California (first strong motion recording) 
1934   First official design code in California (Field Act)  
1936   San Francisco Bay Bridge completed 
1937   San Francisco Golden Gate Bridge completed 
1940   Imperial Valley earthquake (El Centro strong ground motion recorded) 
1955   Design seismic coefficient: 0.06 (Uniform Building Codes) 
1956   First World Conference on Earthquake Engineering in San Francisco 
1971   San Fernando earthquake (M6.6, RC columns sheared and destroyed; 
           girders fell down; lifelines disrupted) 
1975   AASHTO Interim Specifications for Bridges 
� �    Design seismic coefficient: 0.5 (inelastic design) 
� �    Earthquake retrofitting initiated 
1981   ATC-6    max DSC; 0.4; AASHT0, CALTRANS� � � � � � � � � � � � � � � �  
1985   Mexico earthquake (M8.1, structures collapsed due to resonance at period of 2.0 s) 
1989   Loma Prieta earthquake 1990 (M7.1, damage of urban infrastructures) 

  1990   International Decade for Natural Disaster Reduction (INDR) started 
� �    Philippines Earthquake (M7.8) 
1994   Northridge earthquake (M6.8, lifelines damaged) 
1999   Chi-Chi earthquake (large fault, long-period motion) 
2004   Indian Ocean earthquake (M9.0, great tsunami damage) 
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Table 2. Selected Chronological Milestones of Earthquake Damage and Earthquake-Resistant      
Design Codes in Japan 

� � � � �  
1891   Nobi Earthquake (M8.0, new railway system collapsed) 
1923   Great Kanto earthquake and fire (M7.8, heavy damage in Tokyo). 
1924   First earthquake design code in Japan, Design Seismic Coefficient (DSC): 0.1 
1925   Earthquake Research Institute (ERI) founded at Tokyo Univ. (first director K. Suyehiro) 
1939   Road bridge specifications developed, SDC: 0.2 
1943   Tottori earthquake (M7.2) 
1944   Tonankai earthquake (M7.9)  
1945   Mikawa earthquake (M6.8) 
1943 Fukui earthquake (M7.1, Strong Motion Committee developed SMAC accelerograph; 

aseismic design codes established) 
1956   Highway bridge specifications developed; design seismic coefficient: 0.1-0.35 
1964   Niigata Earthquake (M7.5, liquefaction failure of sand layer occurred) 
1968   Tokachioki earthquake (M7.9)             
           Motions recorded at Hachinohe; RC columns sheared and destroyed 
1971   Aseismic design section of road bridge specifications developed 
� �    Design seismic coefficient: 0.1-0.24, Modified seismic coefficient introduced, 
� �    Building Standards Act stipulates that shear reinforcing bars be strengthened 
1978   Miyagiken-oki earthquake (M7.4, life lines disrupted) 
1980   Highway bridge specifications developed (proposed new aseismic design act)  
           Ductility requirement examined, SDC: 0.3 
1981   Building Standards Act stipulates bearing capacity and ductility requirement; SDC: 1.0 
1988   Kojima-Sakaide route of Honshu-Shikoku Bridges completed 
1990  Highway bridge specifications, Aseismic design spectrum revised; dynamic analysis; 

bearing; capacity; and possible occurrence of earthquakes (three times as strong as 
previous ones taken into consideration, SDC:1.0 (inelastic design)) 
Base-isolated structure studies and implemented to buildings   

1992   Manual for base-isolated design of bridges 
1993   Kushiro earthquake (M7.8)           

                        Hokkaido Nanseioki earthquake (M7.8, tsunami damage) 
1994   Hokkaido Toho-oki earthquake (M8.1) 

Sanriku Haruka-oki earthquake (M7.5)  
1995   Hyogo-ken Nanbu (Southern Hyogo) earthquake (M7.2, severe urban damage) 
2007 Chuuetsu-oki Earthquake (M6.8, atomic power plants were hit by severe motion higher 

than design values)  
 
 
 
 
 
 
 
 
 



310

HIROKAZU  IEMURA 
 
Birthplace: Kyoto, Japan 
 
Education:  
Kyoto Univ., B.S., Civil Eng., 1968  
Kyoto Univ. , M.S., Civil Eng., 1970  
Kyoto Univ., Ph.D., Civil Eng., 1977 
 
Position: 
Professor Emeritus of Kyoto University, 
President of Kinki Polytechnic College  
Kishiwada, Osaka, 596-0103, Japan  
E-mail: h1.iemura@ehdo.go.jp 
tel. +81(72)-479-2027; fax +81(72) 479-1751 
 
Dr. Iemura worked as a researcher in the field 
of earthquake engineering and structural 
dynamics over 40 years, since he graduated 
from Kyoto Univ.. Just after the San 
Fernando Earthquake in California, he stayed 
at Cal Tech one year as a Rotary Foundation graduate student. He was involved in the 
nonlinear structural identification analysis of the Millikan Library during the San Fernando 
Earthquake, by which he received the JSCE excellent research award of young researcher. His 
works were extended to stochastic earthquake response analysis of inelastic structures by the 
equivalent linearization techniques, earthquake energy portioning in inelastic structures. He 
also worked in the experimental field to develop the on-line hybrid loading system of 
earthquake response. This system was used efficiently for seismic performance tests of 
inelastic structural elements and structural vibration control devices. He engaged in earthquake 
damage surveys not only in Japan but also world wide such as Nihonkai-Chubu (1984), 
Mexico (1985), California (1989, 1994), Philippines (1990), Kobe (1995), Taiwan (1999), 
Indonesia (2005), and Niigata (2007).  
Lately he is involved in the field of structural response control of structures against ground 
motion. He has several patents including the newly developed negative stiffness damper. He 
got the excellent paper award from JSCE. He published more than 250 papers and reports. He 
worked as a consulting engineer for government and private industries, especially for many 
committees dealing with restoration following Kobe earthquake damage. 
Dr. Iemura is a member of many domestic societies such as Japan Society of Civil Engineers 
(JSCE), Architectural Institute of Japan (AIJ), Japan Geotechnical Society (JGS), Society of 
Material Science, Japan (SMSJ). He is also an over seas member of  ASCE, EERI, IASCM, 
EERI and IAEE. He worked on editorial board of Journal of EESD and SCHM, and took the 
leadership in the field of structural control and earthquake engineering as the board of director 
of IASCM and ad the secretary General of IAEE. In 2008, he retired from Kyoto University 
and became the president of the Kinki Polytechnic College in Osaka, Japan.  
 
 

 



311

 
 
 
 
 
 
 

Luca Moratto, Giovanni Costa, Peter Suhadolc¹ 

OCENE SILNOG POMERANJA KROZ MAPE TRESENJA I 
SCENARIJE 

Rezime: 

Prikazana su dva pristupa oceni silnog pomeranja: putem deterministi(kih 
scenarija i kroz mape trešenja u stvarnom vremenu. Obe metode su ilustrovane 
kroz primere. U prvom slu(aju, predpostavljamo da se zemljotres dogodio u 
odre)enoj oblasti i ocenjujemo silno pomeranje ra(unom sinteti(nih ubrzanja a 
blizu žarista putem modela kona(nog raseda, za frekvence do 1 Hz. U drugom 
slu(aju, ocenjujemo silno pomeranje pomo*u mapa trešenja u stvarnom vremenu. 
Brze i pouzdane mape trešenja mogu se izra(unati i za namene u civilnoj odbrani, 
za manje od pet minuta posle po(etka zemljotresa. 

Klju"ne re"i: ocena silnog pomeranja, Friuli, sinteti"ki seizmogrami 

GROUND MOTION ESTIMATION USING SHAKEMAPS 
AND SCENARIOS 

Summary: 

We present two approaches regarding ground motion estimation: via 
deterministic scenarios and via real-time ShakeMaps. Both are illustrated with an 
example. In the first case, we suppose that an earthquake has occurred in a 
selected area and we estimate the ground motion by computing the synthetic 
seismograms with the related shaking in the near field using the finite-fault model 
and the reflectivity model for an upper cutoff frequency of 1 Hz. In the second 
case, we estimate the ground motion by computing real-time shake maps. Fast 
and reliable ShakeMaps can be generated also for Civil Defense purposes within 
five minutes from the earthquake occurrence. 

Key words: ground motion estimation, Friuli, synthetic seismograms 
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1 INTRODUCTION 
Seismic hazard describes the potential for dangerous, earthquake-related natural 

phenomena among which ground shaking is among the most important [1]. The numerical 
results of hazard analysis are estimations of the macroseismic intensity, the PGA (Peak Ground 
Acceleration), the response spectra and other parameters of the expected ground motion. In 
particular, the ground motion is characterized by the amplitude of the signal, the duration and 
the frequency content of the seismogram. The amplitude of the signals can be represented by 
PGA (Peak Ground Acceleration), PGV (Peak Ground Velocity) and PGD (Peak Ground 
Displacement). The frequency content can be described by the Fourier spectra or the response 
spectra computed for acceleration, velocity and displacement. Other parameters can be: the 
liquefaction potential, the peak strains near the surface, the slope stability or the differential 
motions. PGA and PGV are correlated to macroseismic intensity and some empirical relations 
allow estimating ground motion parameters from the intensity observed during historical 
earthquakes, e.g. [6]. Generally, PGA describes better the low macroseismic intensities 
determined by felt accounts (most sensitive to the high-frequency content), whereas PGV is 
more representative of the high intensities related to damage. Most station records consist of 
three orthogonal components and, if for the vertical component the definition is unique, there 
are several ways to define the horizontal components, e.g. [7]: in this study scenarios are 
generated only for the largest horizontal component.  

There are two possible approaches for estimating seismic hazard: the probabilistic (PSHA) 
and the deterministic (DSHA) seismic hazard analysis, but there were some tentatives in the 
past, e.g. [2], to merge the two approaches. In particular, the deterministic analysis for the 
seismic hazard consists in the numerical simulation of ground motion after having fixed the 
source parameters of the most destructive earthquake in the considered region. This approach 
allows the evaluation of the contribution of each parameter on the final result. The source 
parameters (the magnitude values and the locations of the seismic events), the source-to-site 
distance with a given velocity model, along with site conditions, are all input parameters for 
the calculations through synthetic seismograms of the maximum possible ground motion at a 
fixed site. The results of this approach are the maps of the resultant peak ground motion 
distribution (displacement, velocity, acceleration…) or macroseismic intensity over the 
investigated territory. Applying the DSHA approach, it is possible to consider simultaneously 
more seismic events and to estimate the strongest hazard over extended areas such as Italy or 
Greece, e.g. [3], [4]. DSHA plays a crucial role in the planning, preparedness and loss 
estimation for earthquakes in urban regions because most of these activities are related to a 
specific scenario. A good scenario requires a detailed knowledge about the extended-source 
parameters and the presence of a laterally heterogeneous subsurface structure, but simple first-
order estimates are also possible when these effects can be estimated empirically or 
theoretically, e.g. [5]. 

Usually, the parameters related to a damaging or a destructive earthquake that are the 
fastest to be retrieved are its magnitude and its epicentre location. On the other side PGA, PGV 
and the macroseismic intensity with the associated damages are not linear functions of 
magnitude and distance because some effects influence in a nonlinear way the ground motion, 
such as the amplification due to local site effects or the effects connected with the rupturing of 
a finite fault. All these effects are considered by combining the real-time recorded signal with 
the theoretical knowledge about ground shaking estimations. The ShakeMap software [8] 
operates along these lines and is capable to give reliable ShakeMaps in a very short time. These 
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maps are the representations of ground shaking generated by a seismic event in the selected 
region. For each point in the investigated area, ground motion parameters (PGA, PGV and SA 
– Spectral Acceleration) and macroseismic intensity are estimated within 5 minutes from the 
earthquakes occurrence. Then, the maps can be distributed to the public by internet, television 
and other media networks. Nowadays, shaking maps are produced in the United States, Japan 
and Taiwan, while new projects have started to cover also Canada, Italy, Turkey and New 
Zealand.  

The rapid generation of ShakeMaps can have more useful and interesting applications, even 
if its principal goal is to support the civil defence to coordinate the assistance during a seismic 
emergency. The ShakeMap software uses real-time waveforms to produce response spectral 
acceleration values at three periods (0.3, 1.0 and 3.0 s) that are analyzed by earthquake 
engineers to estimate the potential effects on buildings and other civil structures. Researchers 
in seismology use earthquake scenarios and ShakeMaps to develop and to improve the 
earthquake model with the aim of obtaining results as reliable as possible. Given the possibility 
that a seismic event can occur on a specific fault segment, it is possible to generate a number of 
related scenarios and to estimate the ground motion and damage for such future earthquakes.  

Two approaches, scenarios and ShakeMaps, can be very useful to evaluate seismic hazard 
in the Banja Luka area. In particular, the knowledge about the seismogenic faults and the 
velocity models in the specific area are two key factors required to generate reliable scenarios. 
Scenarios are needed to estimate the impact of possible future earthquakes on the civil 
structures and the relative importance of each single event on the seismic hazard. The real-time 
ShakeMaps are very useful to identify the most damaging areas a few minutes after the 
earthquake occurrence. At the same time, ShakeMaps could be used to generate scenarios or to 
simulate the shaking related to specific seismic events. Clearly, the ShakeMaps generation 
requires an accelerometric network, connected in real-time with the data-centre, and a detailed 
knowledge of the local geology and the attenuation of the ground motion in the area.  

Another interesting technique developed to reduce human losses is the early warning: the 
earthquake is located in real time using the first P-wave arrival and a warning is automatically 
sent to the sensible infrastructure (e.g. nuclear power plants, high-speed trains) and population. 
For a successful operation, it is necessary that in the monitored area a dense network exists, 
with data centres linked together and operating with different communication systems to 
warrant redundancy. On the other side, it is very important that the population is educated to 
face the emergency. Early warning works very well in areas where the potential dangerous 
faults are quite distant from the places the warning is sent to, e.g. Mexico City [37] or Naples 
[39]. In California, the situation is quite different, but various models of early warning systems 
are, however, under study and development, e.g. [38]. We will not deal with early warning in 
this paper. 

2 THE SCENARIO APPROACH 
An earthquake scenario is the estimation of ground motion maps related to the occurrence 

of a potential dangerous seismic event in a specific area. The scenario generation requires the 
following input information: 
� Seismic source. The source is chosen on the basis of tectonic and seismological studies 

and analyzing the historical seismicity in the studied area. In particular, the seismic source is 
characterized by its hypocenter, magnitude and focal mechanism. After the choice of the 
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seismic source, the finite-fault model is utilized and its geometrical parameters are estimated 
from previous studies or empirical relationships, e.g. the fault dimensions are derived from the 
magnitude value adopting the relationships proposed by Wells and Coppersmith [20], whereas 
various models are tested in relation to the nucleation position and the seismic moment 
distribution. 
� Velocity model. The selection of the velocity model depends on the upper cutoff 

frequency of synthetic seismogram computation, because an increase in the upper frequency 
requires the velocity model to be known with a higher resolution. The choice of the upper 
frequency used to compute the temporal series is critical because the ground motion parameters 
should be estimated on a wide frequency band but, when the upper frequency increases, the 
results are strongly influenced by, e.g., the rupture propagation process complexity and by the 
seismic wave scattering along the source-receiver paths. Furthermore, at frequencies around 10 
Hz, the variation of the elastic parameters of the order of a hundred meters can be relevant and 
a velocity model should, in principle, have this accuracy. Since the details of the medium are 
not known at these small wavelengths, the high-frequency part (above a few Hz) of the signal 
is usually treated stochastically. On the other side, the computation of synthetic seismograms 
for an upper frequency of 1 Hz produces signals limited in frequency and the ground motion 
parameters should be compared with observed data that are low-pass filtered. Since the high-
frequency part of the signal can be regarded as essentially stochastic, stochastic techniques 
have been proposed for modelling the high-frequency range (e.g. [9], [10], [11], [12], [13]), 
and hybrid approaches that merge the deterministic low-frequency part with the stochastic 
high-frequency one are becoming popular, e.g. [14].  
� Site effects. The synthetic seismograms can be computed for receivers placed on bedrock 

or soil. In the latter case, a detailed local velocity structure must be used or, alternatively, the 
empirical relations can estimate the amplification factors for the ground motion parameters, 
e.g. [15].  
� Spacing grid.The receivers are placed on a uniform spacing grid. The size of the spacing 

grid influences the computation time because a dense grid has many receivers where the 
synthetic seismograms must be calculated. On the other side, the interpolation procedure plays 
a crucial role when the grid is sparse [16].   
� Ground motion parameters. The ground motion parameters are extracted from the 

synthetic signals computed on the spacing grid. The parameters are interpolated to generate 
shaking maps that are displayed on continuous and coloured plots. The choice of the extracted 
ground motion parameter, PGA or PGV, depends on the final aim of the study and on the 
frequency content of the synthetic seismograms For example, if the upper frequency is 1 Hz, 
the peak ground velocity at 1 Hz (PGV1HZ) is more useful since more similar to the PGV and 
represents the shaking better than the peak ground acceleration at 1 Hz (PGA1HZ), which can 
underestimate PGA. 

Numerous methods, based on semi-empirical source and wave propagation models (e.g. 
[44], [42], [43]), have been published for numerically synthesizing seismograms. Because in 
these methods the computation of site-dependent and phased-time histories is not unique, a 
number of alternative methods have been proposed, e.g. [47], [48], [49], [51], [50]. In areas 
where the geology of the soil is known in detail, like in the cases of California region and of 
Japan (e.g. [46], [45]), three dimensional velocity models have been selected. In this study, the 
synthetic seismograms are computed by applying the reflectivity model [17] based on the 
superposition of rays reflected and transmitted according to Snell law in agreement with the 
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classic geometrical optics. The computation of the reflection coefficients for upgoing and 
downgoing waves is a function of the slowness, so integration over slowness is performed and 
finally a convolution with the source function applied [17]. This approach requires very long 
computation time especially if the velocity model has a large numbers of layers but, on the 
other side, it is capable to compute seismograms even in the near field. One has also to bear in 
mind that the ray theory cannot be applied to very long periods and, therefore, it is quite 
difficult to model the late surface wave and coda arrivals in the seismograms. Anyway, we are 
essentially interested in plotting the maximum peak which,for near-source distances (up to 
about 100 km), are mainly carried by the direct S wave. 

 

Image 1 - Structural model of the Southern Alps area; the black circles represent the towns 
(TH=Thiene; GE=Gemona; GO=Gorizia) and the black lines define the faults (TC=Trento-
Cles fault; SV=Schio-Vicenza fault; TB=Thiene-Bassano fault; BC=Bassano-Cornuda fault; 
BV=Bassano-Valdobbiadene fault; BL=Belluno fault; VS=Valsugana fault; FU=Funes fault; 
AN=Antelao fault; MT=Montello fault; CA=Cansiglio fault; PM=Polcenigo-Maniago fault; 
AR=Arba-Ragogna fault; PE=Periadriatic thrust; PU=Pinedo-Uccea fault; DA=Dof-Auda 
fault; SA=Sauris fault; BC=But-Chiarsò fault; FS=Fella-Sava fault; VR=Val Resia fault; 
VV=Val Venzonassa fault; BE=Bernadia fault; BU=Buia fault; ST=Susans-Tricesimo fault; 
UD=Udine-Buttrio fault; PZ=Pozzuolo fault; MD=Medea fault; PA=Palmanova fault; 
ID=Idrija fault; PR=Predjama fault) ( from Galadini et al., 2005 [29]). 

The synthetic seismograms for bedrock receivers are calculated, according to linear filter 
theory, as the convolution of the source spectrum with the velocity model spectrum. 
Practically, we convolve the source spectrum with the spectrum of the Green functions that are 
the responses of the velocity model to an impulsive force. The computation, therefore, requires 
the knowledge of the source parameters and the medium velocity models.  
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In our case, the synthetic seismograms are computed for an upper cutoff frequency of 1 Hz 
using the velocity model “friul7w” derived in [18] and based on travel-time inversion results of 
Mao and Suhadolc [19]. The seismic source is represented by a kinematic approach with a 
fixed seismic moment distribution. The model of the finite fault requires the knowledge of the 
epicentre (nucleation) position, the focal mechanism parameters and the dimensions of the 
rupture area (described by the length, L, and the width, W) that are usually correlated with the 
seismic moment [20]. The kinematic aspect is given by the rupture front propagating from a 
nucleation point with a fixed rupture velocity, usually close to 0.72` where ` is the S-wave 
velocity [21]. In the finite-fault model, the synthetic seismograms are computed as the sum of 
the contributions of all point sources placed on a regular grid covering the rupture area. The 
seismic moment distribution can be uniform, flat and tapered at the border to avoid 
amplification at high frequencies that can produce an overestimation of the ground motion 
amplitudes. More realistic models include the presence of asperities at which the slip vector, 
proportional to the seismic moment, is statistically 1.5 times larger than its average value on 
the fault [22]. Herrero and Bernard [23] propose to generate the asperities with the k² model, in 
which the spectrum of the co-seismic slip distribution on the fault plane is inversely 
proportional to the square of the wave-number. 

The synthetic seismograms are computed at receivers placed on a regular grid of 5’ 
applying the finite-source model. The ground motion parameters (PGA1HZ and PGV1HZ) are 
extracted from the synthetics and the scenarios maps generated for both PGA1HZ and 
PGV1HZ by GMT software interpolation. These scenarios are related to bedrock conditions 
and do not consider the specific local geology of the receivers that can amplify the ground 
motion. 

2.1 AN EXAMPLE: THE MEDEA FAULT IN FRIULI (NE ITALY) 

The investigated area encompasses the Southeastern Alps that extend over Northeastern 
Italy and the external Dinarides in western Slovenia (Image 1). The principal mechanism 
leading to the earthquake occurrence is the collision between the Eurasian plate and the Adria 
microplate which could have been part of the much bigger African plate [41], [24]. The relative 
movement of the two plates is about 5 mm/year [25]. The seismic activity in the Southeastern 
Alps area is of relatively moderate intensity, the return period of the strong earthquakes with 
magnitude greater than 6 being about 40 years, the return period of the earthquakes with 
magnitude greater than 5 is about 7 years, e.g. [26], [27]. The strongest seismic event in this 
region occurred in the Idrija area (Slovenia) on 26 March 1511 with an estimated 6.9-7.2 
macroseismic magnitude [28]. 

Historical archives report about seismic events that affected the Venetian and the Friuli 
plains (Medea zone) in 1279 (Friuli earthquake), but the estimations of the related epicentres 
and magnitudes can be affected by large uncertainties, as shown in Galadini et al. [29]. Burrato 
et al. [30] define the Medea Area and the Medea Source in a sector of the Friuli Plain 
characterized by a low historical and instrumental seismicity (Image 2). In contrast with this 
evidence, Galadini et al. using reflection seismic lines and geomorphic observations identified 
three structures with evidence of Late Quaternary activity: the Udine–Buttrio, Pozzuolo and 
Medea Thrusts. Only the Medea Thrust is capable to generate dangerous earthquakes. Burrato 
et al. [30] propose a strike of 285°, a dip of 45° and a rake of 120°, the fault depth varies 
between 0.5 and 6.9 km. No earthquake, apart from the dubious association of the 1279 one, is 
associated to it and the seismogenic potential is unknown, as is for the smaller Udine–Buttrio 
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and Pozzuolo Thrusts. These seismogenic sources are very interesting for seismic hazard 
because they are placed in the Friuli plain where many people live in a densely built 
environment.  

 

 
Image 2 - Overview of the seismogenic sources of North-eastern Italy and western Slovenia 
included in the last version of the DISS (DISS Working Group, 2007). Individual Seismogenic 
Sources are shown in black, Seismogenic Areas in dark grey. The individual seismogenic 
sources are represented with a rectangle that is the projection of the fault plane onto the 
ground surface, and a line, which is the expected cut-off with the surface. The small arrows 
inside the rectangles show the direction of slip (rake angles). Seismogenic sources are 
superposed onto the simplified regional tectonic sketch (from Burrato et al., 2008 [30]). The 
Medea fault is the seismogenic source called ITGG126. 

 
The input source for the computation of the synthetic seismograms has the focal 

mechanism and the fault area proposed by [30]. The rupture area is 16 km long and 9 km wide, 
the magnitude is estimated at 6.4, while the focal mechanism has a strike angle of 285°, a dip 
of 45° and a rake of 120°. The western upper tip of the fault plane is placed at 45.96°N and 
13.27°E, with the source depth ranging between 0.5 and 6.9 km. The seismic moment 
distribution has an asperity generated by the k² model [23]. Three different rupture 
propagations are considered in the model: a bilateral and two unilateral ones (from East to 
West and from West to East). The scenarios are generated computing the synthetic 
seismograms for an upper cutoff frequency of 1 Hz and interpolating the PGA1HZ and 
PGV1HZ values. If the nucleation is placed in the eastern part of the fault, the acceleration is 
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high towards the city of Udine and the area of Pozzuolo, where the PGA1HZ reaches 130 
cm/s2 while the acceleration is relatively low in the area of Gorizia and Trieste. The PGV1HZ 
reaches 30 cm/s west of the rupture area but is very low in other zones of the region (Image 
3a). If the nucleation is placed in the middle of the fault, the acceleration is very high towards 
the south (Palmanova/Cervignano area) and north (Cividale area), where the PGA1HZ can 
exceed 150 cm/s2, while the acceleration is moderate in other zones even if the maximum 
estimated acceleration is 50 cm/s2 at Trieste. The PGV1HZ exceeds 50 cm/s in the near field 
and it is lower in other zones of the region (Image 3b). If the nucleation is placed in the western 
part of the fault, the acceleration is high towards the east (city of Gorizia and the area of 
Cormons) where the PGA1HZ can reach 150 cm/s2. The acceleration is quite high also at 
Trieste, while the acceleration is relatively low in the area of Udine. The PGV1HZ can reach 
45 cm/s east of the rupture area, but is very low in other zones of the region (Image 3c).  

 

 
Image 3 – Bedrock scenarios related to the Medea earthquake (PGV1HZ in cm/s). (On the left) 
the nucleation is placed in the eastern part of the fault; (in the middle) the nucleation is placed 
in the centre of the fault; (on the right) the nucleation is placed in the western part of the fault. 
The synthetic seismograms are computed for an upper cutoff frequency of 1 Hz. 

As expected, at low frequency and in the presence of a unilateral rupture, the strong motion 
field in the surroundings of the causative fault is mainly characterized by the directivity effect 
(e.g. [31], [32]) and the location of the main asperities, e.g. [33]. The PGV1HZ field is not 
symmetric when nucleation is assumed on the eastern or western part of the fault (Image 3a 
and 3c). The input parameters that contribute principally to this asymmetry are the focal 
mechanism and finite-fault elements as the seismic moment distribution, and the rupture 
propagation that produces the directivity effect. However, in this case, the seismic moment 
distribution has its principal asperity placed in the middle of the fault in all three considered 
cases of rupture propagation.  

In this study, the synthetic seismograms are computed for an upper cutoff frequency of 1 
Hz, implying that the acceleration spectra are not complete for engineering purposes. On the 
other side, the PGV is related to the intermediate frequency range and this parameter describes 
quite completely the real ground shaking, especially in the case of strong events, so the 
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PGV1HZ is a good estimate of PGV. An estimate of the high-frequency acceleration 
contribution can be made by computing the DGA (Design Ground Acceleration) at zero period, 
scaling the EC8 normalized design response spectrum (normalized elastic acceleration spectra 
of the ground motion for 5% critical damping) with the response acceleration spectrum 
computed at lower frequencies, e.g. [53], [54]. 

3 REAL-TIME SHAKEMAPS 
The USGS "ShakeMap" software [8], [34] is a collection of modules written in PERL code. 

The maps are made using the Generic Mapping Tool (GMT) [35], and the postscript output 
from GMT is converted to JPEG format using Imagemagick. The "ShakeMap" software is 
based on an algorithm structured in several steps developed by Wald et al. [8]. The ShakeMaps 
are obtained for PGA, PGV and SA (by default computed at 0.3, 1.0 and 3.0 s with 5% of 
critical damping), and they are a combination of both recorded data and data estimated from 
geological/seismological knowledge, in order to produce them as fast and as reliably as 
possible. ShakeMap estimate the ground motion parameters on a regular spacing grid.  

 

 
 

Image 4 - Flowchart for calibration of the shaking maps in a certain geographic area. 

 
The ShakeMap software is based on an algorithm composed of several steps (Images 4 and 

5). The location parameters, the magnitude estimation and the ground motion parameters 
(PGA, PGV and SA) are extracted from the real-time waveforms by filtering, integrating or 
differentiating the data. The peak ground motion parameters are the principal input for the 
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software that generates the shaking maps. The first step of the algorithm is to create a dense 
grid of phantom stations placed at a default distance of 15 km from each other and the peak  
 

 
Image 5 - Simple flowchart of the algorithm that creates Shake Maps from real-time data, 
knowledge on local site geology and ground motion predictive equations. In computing ground 
motion either point-source or finite-source models can be applied. 

 
 

ground motion is computed using specific GMPEs (Ground Motion Predictive Equations) that 
evaluate simply the PGA, PGV and SA from the estimation of magnitude and earthquake 
location. Since GMPEs can vary sensibly in the different geographical regions, especially for 
the weak motion data, it is highly preferable to select specific relationships computed using 
local recordings and to respect the computation range for magnitude and distance. It is also 
important to compute the distance between the source and the stations choosing a coherent and 
stable definition between all possibilities provided (epicentral distance, hypocentral distance, 
surface rupture distance, Joyner-Boore distance…). Only those phantom stations located 
farther than a specific distance (default 15 km) from any seismic station that has recorded the 
event are retained in the final maps. The peak values computed at the epicentre are rejected if 
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there is a station, within 10 km, that has recorded the event. All these parameters and the grid 
spacing can be configured by the user. The ShakeMap takes into account amplification due to 
local site effects using the coefficients derived by geological soil classification [15]. The 
instrumental intensity map is derived from PGA and PGV values applying the empirical 
relationships. The whole procedure is described in Image 4.  

 
 

 
 

Image 6 - Antelope generated map with the final epicenter of the Claut (2007) earthquake (red 
circle); 58 phases from the regional stations (blue triangles) are used in the location analysis.  

 
The software must be calibrated for each studied area, and different inputs are used for 

different geographical areas. A specific geological map and reliable GMPEs must be inserted 
into the software. In particular, regional calibration requires (see Image 5): 
� Real time location (longitude, latitude and, if possible, hypocenter depth) and fast 

magnitude estimation;  
� Ground motion parameters (PGA, PGV and SA computed at 0.3, 1.0 and 3.0 s with 5% of 

critical damping) extracted from the real-time signals;  
� Soil classification of the studied area to apply the Borcherdt [15] relationships; 
� Specific GMPEs for strong motion and weak motion;  
� Relationships to derive instrumental intensity from PGA and PGV values. 
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A good spatial configuration of the recording instruments helps very much to obtain 
reliable results. Usually, the strong-motion instruments are concentrated in urban regions with  

 
Image 7a - The PGA Shake Map for the Claut 2007 earthquake. The networks that recorded 
the event are RAF (red triangles), NEI (green triangles), RSFVG (white triangles) and ARSO 
(blue triangles). The triangles denote the triggered stations.  

 
high seismic risk with a smaller number of stations installed elsewhere. In this way, the results 
should be more accurate in the zones with higher seismic risk, while, elsewhere, the use of  
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Image 7b - The instrumental intensity map for the Claut 2007 earthquake; the comparison 
between observed and instrumental intensity maps are discussed by Moratto (2008) [52]. The 
triangles denote the triggered stations. 
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GMPEs is fundamental to supply the lack of observations. The software also produces 
instrumental intensity maps derived from the related ground motion parameters (PGA and 
PGV) through empirical relationships, e.g. [6], [36].  

Nowadays, shaking maps are produced in the United States [8], Japan and Taiwan, while 
new projects have started to cover also Canada, Italy, Turkey and New Zealand. In particular, 
in Italy, Michelini et al. [40] have implemented the "ShakeMap" software on a national scale in 
the context of the Department of Civil Protection (DPC) project using the Italian national 
INGV (Istituto Nazionale di Geofisica e Vulcanologia) network.  
 

3.1 AN EXAMPLE: THE 2007 CLAUT EARTHQUAKE (NE-ITALY) 

The software has been recently installed at DST (Dipartimento di Scienze della Terra – 
Università di Trieste) and it has been calibrated to generate real-time ShakeMaps in 
Southeastern Alps area. The real-time generation and the regional calibration are discussed in 
[16]. Real-time data are acquired and stored by the Antelope software (Boulder Real Time 
Technologies) managed by the Department of Earth Science of the University of Trieste from 
2002. The Antelope is a system of software modules that implement the acquisition, transport, 
buffering, processing, archiving and distribution of environmental monitoring information. 
This software was implemented in the framework of the project Interreg IIIa ITALIA-
AUSTRIA 2000-2006 “Reti sismologiche senza frontiere nelle Alpi sud-orientali”. At the same 
time, the Antelope exchanges the seismicity data with CRS-INOGS (Centro Ricerche 
Sismologiche – Istituto Nazionale di Oceanografia e Geofisica Sperimentale) in Udine, ZAMG 
(Zentralanstalt f¨r Meteorologie und Geodynamik, Hauptabteilung Geophysik) in Vienna and 
ARSO (Agencija Republike Slovenije za Okolje, Urad za seizmologijo in geologijo) in 
Ljubljana. In this way, it is possible to cover with the recording instruments more or less 
uniformly the Southeastern Alps area. At the same time, the redundancy criterion among the 
various archiving nodes manages the system security.    

The location is done by the Antelope software using a searching grid for a minimum 
number of picked phases. The picking procedure (usually with P and S waves) starts when a 
threshold of the ratio STA/LTA (Short Time Average/Long Time Average) is exceeded. The 
location can be redone manually applying a more accurate inversion procedure. The Claut 
earthquake occurred in Friuli area on February 26, 2007 (ML=4.4). 58 phases are used to locate 
the seismic event (Image 6). After the steps of acquisition, picking and location the waveforms 
are included in the database and stored on the disks. We have implemented a procedure to 
compute the ground motion parameters related to the seismic signals adding a new entry to the 
Antelope database. Another procedure extracts the ground motion parameters from the 
database and it writes the input file for ShakeMap software in XML format following a fixed 
scheme.  

As an example, the ShakeMaps of the 2007 Claut earthquake are generated using the real-
time data and the location shown in Image 6. The ShakeMaps are generated in real time and 
data recorded by several networks (RAF, NEI, RAN, RSFVG, ARSO, ZAMG…) operating in 
the area are used. The circles on the maps denote the sites where there are no observations and 
the ground motion is estimated by the empirical relationships. In Image 7a PGA and in Image 
7b intensity, the ShakeMaps are shown. At the same time, the software has been implemented 
to generate the Web pages of the earthquakes in real time. For the time being, these Web pages 
are offline and are transmitted only to the Civil Defense authorities.    
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4 CONCLUSIONS 
In this paper we present two approaches regarding ground motion estimation: via 

deterministic scenarios and via real-time ShakeMaps. Both are illustrated with an application to 
events in the Southeastern Alps. In the first case, we suppose that an earthquake occurs in 
central Friuli and we compute its shaking in the near field. In the second case, the real-time 
recorded data are integrated with the scientific knowledge about the Southeastern Alps area to 
obtain fast and reliable ground motion estimations. Clearly, the two approaches are connected. 
The scenario approach helps us to identify the areas that might undergo the strongest shaking 
and these results can be used also for the ShakeMap calibration and the network configuration.    

We propose some scenarios related to possible future events on the Medea fault (Central 
Friuli, NE Italy). The seismic source parameters are selected from previous studies [29], [30], 
and the synthetic seismograms are computed applying the reflectivity model [17] for an upper 
cutoff frequency of 1 Hz. The source parameters are those proposed in [30], since there is very 
few historical and geological information available about the Medea fault. The used source 
model is quite rough, but the long recurrence time does not help us to propose a better model. 
If the nucleation is placed in the eastern part of the fault, the ground motion is strong 
westwards (towards the city of Udine and the area of Pozzuolo), but is very weak in other 
zones of the region. If the nucleation is placed in the middle of the fault, the shaking is very 
high to the south (Palmanova/Cervignano area) and to the north (Cividale area). As expected, 
when the nucleation is placed in the western part of the fault, the shaking is strong eastwards 
mainly affecting the city of Gorizia and the area of Cormons, but the ground motion is quite 
high also at Trieste. As we have seen, the directivity effect influences strongly the final results, 
but this parameter is not predictable, so parametric studies have to be performed by selecting 
the site of the earthquake nucleation and considering several asperity distributions on the fault.  

The ShakeMap software is implemented for the Southern Alps area for the generation of 
real-time (within 5 minutes) shake maps for PGA, PGV, SA (0.3, 1.0 and 3.0 s) and 
macroseismic intensity. The necessary waveforms, retrieved from the real-time system 
Antelope, are integrated with the knowledge of the soil geology and GMPEs specific for the 
region of interest to obtain fast and reliable shake maps. The receivers and interpolation grids 
are set taking into account the geometry and the characteristics of the integrated network of 
stations available in the area, with a mean spacing in Friuli Venezia Giulia of 20 km. An 
example of real-time ShakeMap is shown for an earthquake occurred in Friuli two years ago.  

Future developments regarding the scenario approach include the improvement of the 
computation of synthetic seismograms for receivers placed above the rupture area in order to 
generate more detailed scenarios. It is worthwhile noting that the choice of the upper frequency 
of computation of synthetics is critical, because the ground motion parameters should be 
estimated on a wide frequency band and at high frequencies, the results are strongly influenced 
by rupture propagation process complexities and by the seismic wave scattering along the 
source-receiver paths. Furthermore, at frequencies around 10 Hz, the variations of the medium 
elastic and anelastic parameters should be known at the scale of the order of a hundred meters,  
and this strongly limits the deterministic approach at these frequencies. Therefore, a hybrid 
deterministic-stochastic approach is usually selected. Another solution could be to compute the 
DGA at zero period. The model can be also further improved by considering the local site 
conditions at each station. Finally, the computation of synthetic seismograms on the grid nodes 
in quasi real time, not implemented yet, could refine the shake maps, because in such a case it 
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would be possible to take into account also the finite-fault effects instead of simply using the 
GMPEs.  
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