SPEKTAR ODGOVORA UNIFORMNOG SEIZMICKOG HAZARDA
U SEVEROZAPADNOJ BOSNI | HERCEGOVINI

UNIFORM HAZARD SPECTRA
IN NORTWESTERN BOSNIAAND HERZEGOVINA

UDK: 550.34(497.6) (084.3) (083.133)

Originalni nau¢ni rad

Prof. dr Vincent LEE, dipl. matemat."

Prof. dr Marijan HERAK, dipl. fiz.2)

V. prof. dr Davorka HERAK, dipl. fiz.?)

Prof. dr Mihailo D. TRIFUNAC, dipl. inZ. grad."

REZIME

Primena metode Andersona i Trifunca za procenu spektra odgovora uniformnog seizmickog
hazarda prikazana je na primerima za severozapadnu Bosnu i Hercegovinu, i opisane su karte
seizmickog zoniranja koje daju elasticne spektre odgovora za teritoriju oko Banje Luke. Poka-
zano je da proracun karata za seizmicko zoniranje ne treba raditi na bazi maksimalnih ubrza-
nja tla i spektralnih amplituda sa fiksnim oblikom, kao i da je proracun tih karata na bazi meto-
de uniformnog seizmickog hazarda korisna i racionalna alternativa.

Kljucne reci: spektar odgovora uniformnog seizmickog hazarda, spektri odgovora za sei-
zmicko projektovanje, Evrokod 8, karte za seizmicko zoniranje.

ABSTRACT

An application of Anderson-Trifunac method for calculation of uniform hazard spectra is
illustrated for seismicity in northwestern Bosnia and Herzagovina, and zoning maps for elastic
response spectrum amplitudes are presented for the region surrounding Banja Luka. It is shown
that construction of zoning maps for use in seismic design of structures should not be based on
hazard analyses of peak ground acceleration and fixed shape design spectra, while the uniform
hazard spectra approach provides a useful and rational alternative.

Key words: uniform hazard spectrum, spectra for earthquake resistant design, Eurocode 8,

seismic zoning maps.

1. UVOD

Prvi postupak u projektovanju seizmicki otpornih
kontrukcija je izbor elasti¢nih spektara odgovora koji
opisuju amplitude silnih kretanja tla za koje ¢e se vrsi-
ti projektovanje. Za potrebe projektovanja koje je zasno-
vano na propisima, propisuju se spektralni oblici i am-
plitude iz regionalnih karata, koje odrazavaju prostorne
odnose regionalne seizmicke aktivnosti i zasnivaju se na
parametrima skaliranja, kao $to je maksimalno ubrzanje
tla, i na utvrdenim spektralnim oblicima. Kod projekto-
vanja koje uzima u obzir probabilisticku procenu seizmi-
ckog hazarda, za projektne spektre je karakteristicno da
se odreduju izracunavanjem fiksnih vrednosti maksimal-
nog ubrzanja tla i te vrednosti se zatim koriste kao fa-
ktor skaliranja za neki standardni spektralni oblik. Rezul-
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1. INTRODUCTION

The first step in the design of earthquake resistant
structures involves selection of the elastic response spec-
tra, which describe the amplitude of strong ground mo-
tion for which the design will be performed. For design,
which follows the code provisions the spectrum shapes
and amplitudes are prescribed in terms of regional maps,
which reflect the distribution of the regional seismicity,
and are based on scaling parameters, like peak ground
acceleration, and specified spectral shapes. For designs,
which include the probabilistic hazard assessment, the
design spectra are typically determined by computing the
anchoring value of peak acceleration, which is then used
as a scaling factor for some standard spectral shape. This
process results in the elastic acceleration spectra, which
have fixed shape for large geographic areas.

Modern code regulations which are based on the
performance based design principles now require de-
sign for more than one levels of strong motion, to satis-
fy the operational continuity and the safety requirements.
To meet these requirements the amplitudes and shapes of
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tat ovog procesa su elasti¢ni spektri ubrzanja tla koji ima-
ju fiksni oblik za velika geografska podrucja.

Savremeni seizmicki propisi, koji se zasnivaju na
principima projektovanja ocekivanog ponasanja konstru-
kcije pri razli¢itim nivoima seizmi¢kog opterecenja, da-
nas zahtevaju projektovanje za vise od jednog nivoa sil-
nog kretanja tla u cilju zadovoljenja zahteva za upotre-
bljivost i1 za sigurnost konstrukcija. Da bi se ovi zahte-
vi ispunili, treba omoguciti da amplitude i oblici elasti-
¢nog spektra ubrzanja tla variraju u zavisnosti od geo-
grafskih koordinata lokacije, da bi se postigla potrebna
verovatnoca da ¢e projektne vrednosti biti prevazidene za
sve konstrukcije i sve njihove frekvencije. Posto amplitu-
de i oblici spektra odgovora istovremeno zavise od svih
faktora koji odreduju spektralni sadrzaj silnog kretanja
tla (npr. magnitude zemljotresa ili epicentralni intenzitet,
putanje prostiranja seizmickih talasa, epicentralno rasto-
janje, lokalni geoloski uslovi i uslovi tla, kao i frekvenci-
ja kretanja tla), to se elasti¢ni spektar ubrzanja tla koji je
potreban za projektovanje ne moze odrediti pomoc¢u ma-
ksimalnog ubrzanja tla i fiksnih spektralnih oblika (Tri-
funac, 2010). Stoga moraju da se koriste metode skalira-
nja koje omogucuju doprinos svih faktora skaliranja isto-
vremeno. Jedna od takvih metoda, koja ¢e biti opisana
u ovom radu da bi se ilustrovao proces procene spektra
odgovora uniformnog seizmickog hazarda na datoj loka-
ciji, je metoda procene spektra odgovora uniformnog se-
izmic¢kog hazarda Andersona i Trifunca (AT-UHS). Ova
metoda razvijena je kasnih 1970-tih godina za projekto-
vanje nuklearnih elektrana (Anderson, 1978; Anderson
i Trifunac, 1978a,b; Lee i Trifunac, 1985), a takode je
uspesno kori$¢ena i u mikrorejonizaciji podrucja metro-
pola (Lee i Trifunac, 1987; Trifunac 1990a).

Metoda procene spektra odgovora uniformnog sei-
zmickog hazarda Andersona i Trifunaca obuhvata slede-
¢a Cetiri glavna postupka. (1) Opis dovoljno velikog po-
drucja koje okruzuje datu lokaciju u pogledu seizmicke
aktivnosti, gde ¢e radijus ovog podrucja zavisiti od stepe-
na seizmicke aktivnosti i moze da obuhvata teritoriju i do
nekoliko stotina kilometara. (2) Opis uslova date lokaci-
je u smislu lokalnih geoloskih uslova i uslova tla — geolo-
ski uslovi lokacije mogu se opisati koris¢enjem geologo-
Ske klasifikacije (Trifunac i Brady, 1975a) ili dubine se-
dimentnih naslaga od povrsine do osnovne stene (Trifu-
nacilLee, 1978, 1979; Trifunac, 1989a, 1991a; Lee, 1991,
1993). Lokalni uslovi tla mogu se opisati preko klasifika-
cije lokalnog tla (Lee, 1989, 1990, 1991, 1993; Manic,
1996; Trifunac, 1989a,b,c,d, 1991a; Trifunac i Lee, 1992)
ili pomocu prosecne brzine smicucih talasa u dubini od
30 do 50 metara ispod povrsine terena (Lee i Trifunac,
2010). (3) Opis atenuacije amplituda seizmickog kretanja
tla sa rastojanjem. U Kaliforniji, Rihterova funkcija ate-
nuacije prvi put je koris¢ena 1970-tih godina, a kasnije je
zamenjena funkcijom atenuacije koja zavisi od frekvenci-
je (Trifunac i Lee, 1985a,c, 1990; Lee i Trifunac, 1995).
Sli¢na funkcija atenuacije silnog kretanja tla koja zavisi
od frekvencije, kasnije je razvijena i za podrucje bivse Ju-
goslavije (Lee 1 Trifunac, 1992) i koristi¢e se u primerima
koji su prikazani u ovom radu. (4) Opis jednacine skali-
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the elastic acceleration spectra must be allowed to vary
with geographic coordinates, to satisfy the required prob-
abilities of exceedance, for all structures and for all of
their frequencies. Since the amplitudes and shapes of the
response spectra depend simultaneously on all factors,
which determine the spectral content of strong ground
motion (e.g. earthquake magnitude or epicentral inten-
sity, wave propagation path, epicentral distance, local
geologic and soil site conditions, and frequency of mo-
tion), required elastic acceleration spectra for design can-
not be determined by peak ground acceleration and fixed
spectral shapes (Trifunac 2010), and the scaling meth-
ods which are capable of considering all scaling fac-
tors simultaneously must be used. One such methodol-
ogy, which will be described in this paper, to illustrate
the process for estimating the uniform hazard spectra at
a given site, is the Anderson-Trifunac Uniform Hazard
Spectrum method (AT-UHS). This method was devel-
oped in the late 1970s for use in the design of nuclear
power plants (Anderson 1978; Anderson and Trifunac,
1978a,b; Lee and Trifunac, 1985), and has been used suc-
cessfully also in the microzonation of metropolitan areas
(Lee & Trifunac 1987; Trifunac 1990a).

The AT-UHS method involves the following four
main steps: (1) Description of a large enough region sur-
rounding the site in terms of the seismic activity. The
radius of this region will depend on the levels of seis-
mic activity and may have to include up to several hun-
dred kilometers. (2) Description of the local site condi-
tions in terms of site geology and local soil conditions.
The site geology can be described in terms of its site ge-
ological classification (Trifunac and Brady, 1975a) or
the depth of sedimentary deposits from surface to base-
ment rock (Trifunac and Lee, 1978, 1979a; Trifunac,
1989a, 1991a; Lee, 1991, 1993). The local soil condition
can be described in terms of the local soil classification
(Lee, 1989, 1990, 1991, 1993, Mani¢, 1996; Trifunac,
1989a,b,c,d, 1991a; Trifunac and Lee, 1992) or the aver-
age shear wave velocity at the top 30 to 50 m below the
surface (Lee and Trifunac, 2010). (3) Description of the
attenuation of the strong-motion earthquake amplitudes
with distance. In California, the Richter attenuation func-
tion was first used in the 1970’s, and was subsequently
replaced with the frequency-dependent attenuation func-
tion (Trifunac and Lee, 1985a,c, 1990; Lee and Trifunac,
1995a). Similar frequency-dependent strong-motion at-
tenuation function was later developed for the region of
former Yugoslavia (Lee and Trifunac, 1992), and will be
used in the examples presented in this paper. (4) Descrip-
tion of the scaling equations for estimating the expected
peak amplitudes and Fourier and Response Spectral am-
plitudes in terms of earthquake magnitude, the frequen-
cy-dependent strong-motion attenuation function, local
site characteristics and component orientation. The work
on such scaling equations for the region of former Yu-
goslavia started in late 1970s (Trifunac, 1977¢; Trifunac
and Todorovska, 1989a), and continues to this date (Lee
and Mani¢ 2009).
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ranja za procenu oc¢ekivanih maksimalnih amplituda, Fu-
rijeovog spektra i spektralnih amplituda odgovora preko
magnitude zemljotresa, funkcije atenuacije silnog kreta-
nja tla koja zavisi od frekvencije, karakteristika date lo-
kacije i orijentacije komponente. Rad na ovakvom ska-
liranju za podrucje bivse Jugoslavije zapocet je kasnih
1970-tih godina (Trifunac, 1977c; Trifunac i Todorovska,
1989) i nastavlja se do danas (Lee i Mani¢, 2009).

Verovatnoca p[S(m)] da ¢e neke spektralne amplitu-
de S(w) biti prekorac¢ene barem jednom za Y godina data
je jednaéinom (Gupta, 2009):

PIS(@)]=1-¢ NelS@) (1)

gde je N [S(w)] — ocekivan broj puta kada ¢e amplitude
S(w) biti prekora¢ene barem jednom za datu lokaciju za
Y godina. Povratni period, oznacen sa 7]S(®)], date am-
plitude S(w) tada je

T[S(@)] = NS(@)]" 2

za jedinicu vremena od Y godina. U primerima koji su
ilustovani u ovom radu, uzeto je da Y iznosi 50 godina,
ali za primenu u specifi¢nom slucaju, korisnik treba sam
da izabere jedinicu vremena Y. Ocekivani broj pojavlji-
vanja, N [S(w)], je (uzimajuci logaritam jednacine (1))

Ne[S(@)] == 1In (1 - p[S(@)]) 3)

U ovom radu ilustruju se rezultati seizmicke rejoni-
zacije severozapadnog dela Bosne i Hercegovine, koji je
priblizno skoncentrisano na podrucje Banje Luke u Repu-
blici Srpskoj. Kompjuterski paket koji je koris¢en, EQ-
RISK, savremena je verzija programa Andersona i Tri-
funca i stalno se razvija i generalizuje veé tri deceni-
je (Lee i Trifunac, 1985, 1987; Todorovska i Trifunac,
1998; Todorovska i dr., 2007). U primerima prikazanim
u ovog radu, sva zarista u ovom podrucju koja doprino-
se seizmickom hazardu bice predstavljena pomoc¢u Poa-
sonovog niza u vremenu. Napominjemo da se u paketu
EQRISK mogu uzimati kombinacije zemljotresa, od ko-
jih su neki zasnovani na Poasonovom nizu u vremenu, a
za neke se uzima da ¢e se izvesno dogoditi, a moze da
se uzme u obzir i stepen pojavljivanja zemljotresa zavi-
san od vremena (na primer, kada seizmicka zarista takode
ukljucuju identifikovane karakteristicne zemljotrese). To
znacCi da, ako se izvrsi deterministicko predvidanje da ¢e
se zemljotres odredene magnitude dogoditi u jednom od
datih ZariSta u ovom podrucju, onda se tom zaristu moze
pripisati deterministi¢ki niz dogadanja zemljotresa. Ova-
kvi zemljotresi nece se razmatrati u primerima opisanim
u ovog radu, ali treba napomenuti da je ovo moguca alter-
nativa za detaljnije modeliranje i modeliranje specifi¢no
za lokaciju. Ovo takode znaci da, ako se zemljotresi pre-
dvide, onda moze da se koristi i probabilisticka procena
seizmickog hazarda i da se izrade karte mikrorejonizaci-
je za procenu uticaja predvidenih zemljotresa, kao i gde i
koliko ovakvo predvidanje moze da izmeni rezultate koji
se zasnivaju samo na Poasonovom procesu. Lee (1992) je
prikazao metodu za zamenu Poasonove verovatnoce fun-
kcijama opstije verovatnoce za proracun funkcionala uni-
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The probability p[S(w)] that some spectral ampli-
tude, S(w), will be exceeded at least once in Y years is
given by (Gupta 2009)

PLS(@)]=1-¢ VElS@) (1)

where N [S(w)] = expected number of times that S(w)
will be exceeded at the site in Y years. The recurrence
time, denoted by 7TS(®)], of a given amplitude S(®) is
then

T[S(@)] = N[S(@)]" 2

for a time unit of Y years. For the examples illustrated in
this work, Y is taken to be 50 years, but in the specific
applications it should be selected by the user. The expe-
cted number of exceedances, N[S(o)], is (taking the lo-
garithm of Eq. (1)),

N[S(@)]=—=1In (1 - p[S(@)]) 3)

In this paper we will illustrate the results for seis-
mic zoning of north-western segment of Bosnia and
Herzegovina area, roughly centered at Banja Luka in
the Republic of Srpska. The computer program we use,
EQRISK, is the modern version of the Anderson & Trifu-
nac program, which has been continuously upgraded and
generalized during the past three decades (Lee and Tri-
funac, 1985; 1987; Todorovska and Trifunac 1998; To-
dorovska et al. 2007). In the examples presented in this
paper, all sources in the region contributing to the haz-
ard will be represented by a Poissonian sequence in time.
We note that EQRISK can take a combination of events,
some of which are Poissonian in time and some that will
occur with certainty, and can include the time dependent
occurrence rates (when seismic sources include identi-
fied characteristic events, for example). This means that
if a deterministic prediction is made that an earthquake of
a given magnitude will occur at one of the given sources
in the region, that source can be assigned a deterministic
sequence of earthquake occurrence. In the examples in
this paper we will not consider such cases, but note that
this is a possible alternative for more advanced site— spe-
cific modeling. This also means that if an earthquake pre-
diction is made, one can use the probabilistic hazard cal-
culations and microzonation maps to evaluate the impact
of such a prediction, and where and by how much such
a prediction may change the results based on the Pois-
sonian process only. Lee (1992) presented a method for
replacing the Poissonian probability with more general
probability functions for calculating the uniform hazard
functionals, like the time-dependent log-normal proba-
bility distribution function. Other generalizations of the
Poissonian occurrence rates can be found in the work of
Todorovska (1994).

2. SEISMIC ZONATION OF THE WESTERN PART
OF THE REPUBLIC OF SRPSKA

As in the case of the microzonation of the Los An-
geles metropolitan area (Trifunac and Lee, 1987), the
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formnog seizmickog hazarda kao §to je log-normalna fun-
keija distribucije verovatnoce zavisne od vremena. Ostala
uopstavanja Poasonovih modela pojavljivanja zemljotre-
sa mogu se nac¢i u radu Todorovske (1994).

2. SEIZMICKA REJONIZACIJA ZAPADNOG DE-
LA REPUBLIKE SRPSKE

Isto kao u sluc¢aju mikrorejonizacije podruc¢ja metro-
pole Los Angelesa (Lee i Trifunac, 1987), i gore navede-
na metoda bi¢e primenjena u primeru prorac¢una za kar-
te seizmicke rejonizacije seizmi¢kog hazarda zapadnog
dela Republike Srpske, koji je priblizno koncentrisan oko
Banje Luke, u pravouganom podrucju od 44°N do 45.5°N
i od 16.6°E do 18°E. Na slici 1, prikazana je seizmicka
aktivnost oko ovog podrucja.

Seizmicka aktivnost ovog podruc¢ja opisana je po-
mocu stepena dogadanja zemljotresa (na 10.000 km? po
godini) koriS¢enjem lokalnih magnituda, M:

10" M <M<M,

NM) =
) { 0 za sve druge vrednosti “)

gde je N(M) broj zemljotresa sa magnitudama veéim od
ili jednakim M,aM_. <M <M _ je procenjeni dozvo-
ljeni opseg vrednosti magnituda za to podrucje.

U ovom radu odluceno je da se za model seizmi-
¢ke aktivnosti ovog podrucja koristi varijanta pristupa
koji koristi zagladenu kontinualnu seizmicku aktivnost
[npr. Frankel (1995) i Frankel i dr. (2000); videti i Lapaj-
ne i dr. (2003) za primenu na model seizmicke aktivno-
sti Slovenije]. Ovakvo modeliranje Cesto se koristi kada
lokacija, aktivnost, potencijal, karakter i/ili dimenzije se-
izmicki aktivnih raseda nisu dovoljno pouzdani i ta¢no
poznati ili nisu uopste poznati. Proracun u ovom sluca-
ju uglavnom se oslanja na zapise seizmicke aktivnosti iz
proslosti, koji su navedeni u regionalnim katalozima ze-
mljotresa, a ovde se koriste podaci iz kataloga glavnih
udara koga su opisali u svom radu Herak i Herak (2009) i
u kome je takode data i njihova analiza, posebno u pogle-
du odredivanja kompletnosti granica magnituda u pro-
storu i vremenu. Detaljni podaci o koris¢enim metodama
mogu se na¢i u radu Herak i dr. (2009).

Za potrebe izra¢unavnja, podrucje je podeljeno u
pravilni mozaik kvadratnih ¢éelija. Za svaku celiju, pa-
rameteri a, b, i M, zajedno sa njihovim neizvesnosti-
ma, izracunati su uzimajuci u obzir kompletnost grani-
ca magnituda. Parameter » odreden je pomocu Weic-
hert-ovog (1980) algoritma za proracun maksimalne ve-
rovatnoce, uzimaju¢i u obzir samo zemljotrese koji su
iznad njihovih odnosnih granica kompletnosti, unu-
tar najmanjeg kruga sa njegovim centrom u svakoj ce-
liji koja obuhvata najmanje 60 takvih zemljotresa. Pro-
cena parametra a vr§i se pomocu brojanja broja zemljo-
tresa unutar kruga, N, = N(M > 3.0), N, = N(M > 3.5),
N, = N(M = 4.0), koji se dogada posle odgovaraju-
¢eg pocetka kompletnog izveStavanja. Za svaki N,
N,;(h) = 10* se odreduje jednac¢inim (4) i uproseCavanjem,
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Slika 1. Seizmicka aktivnost Bosne i Hercegovine i susednih po-
drucja (samo glavni udari). Kartiranje pomocu krugova sa ma-
gnitudom, gde su najveci krugovi zemljotresi sa M, > 6,5.

Figure 1 — Seismicity of Bosnia and Herzegovina and the neigh-
bouring regions (main shocks only). Circles scale with magni-
tude, the largest ones marking events with M, > 6.5.

above methodology will be applied next to illustrate
computations for the earthquake hazard zoning maps
of the western part of the Republic of Srpska, centered
roughly around the city of Banja Luka, in the rectangu-
lar area from 44°N to 45.5°N, and from 16.6°E to 18°E.
Fig. 1 shows the seismic activity in the region surround-
ing this area.

We describe the seismicity of the region by the oc-
currence rate of earthquakes (per 10,000 km?, per year) in
terms of local magnitude, M:

10" M, <M<M,

N(M)={ " 4)

0 za sve druge vredn

where N(M) is the number of events with magnitudes
greater than or equal to M,and M, <M <M is the al-
lowable range of magnitudes specified for the region.
We decided to model seismicity of the region using
a variant of the distributed smoothed seismicity approach
[e.g. Frankel (1995) and Frankel et al. (2000); see also
Lapajne et al. (2003) for application to model seismicity
of Slovenia]. Such modeling is often used when location,
activity, potential, character and/or geometry of seismi-
cally active faults are known with insufficient confidence
and accuracy, or are not known at all. The computation
in this case mostly relies on records of the past seismicity
as listed in the regional earthquake catalogs, and here we
use the mainshock catalog described by Herak and Herak
(2009). The same reference also presents its analyses, in
particular regarding determination of the magnitude com-
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Slika 2. Zone raseda (zelene linije) koje su
koris¢ene u analizi za definisanje M, , za
koju je uzeto da je uniformna unutar svake
zone. Aktivni rasedi su prikazani crvenim
linijama (prema Hrvatovic¢u (2006), Ivanci-
¢u i dr. (2006), Piccardi-ju i dr. (2007), Po-
ljaku i dr. (2000) i podacima uzetim iz arhi-
va Geofizickog instituta iz Zagreba).

Figure 2. Fault zones (green) which were
used in the analysis to define M, ., assu-
med to be uniform within each zone. Acti-
ve faults are shown in red [after Hrvatovi¢
(2006), Ivancic et al. (2006), Piccardi et al.
(2007), Poljak et al. (2000), and the data

from the archive of the Geophysical Insti-

a reprezentativni parametar a se dobija preko logaritma
proseka. Za procenu M, prvo se izraduje karta povrSin-
skih glavnih raseda u podrucju (slika 2). Poredenjem geo-
grafske rasprostranjenosti prethodne seizmicke aktivnosti
sa poznatim sistemom raseda, dobijaju se zone raseda koje
obuhvataju pojedinacne aktivne rasede, njihove segmen-
te ili vece zone raseda. Ovo je ocigledno subjektivni pro-
ces, koji povecava epistemic¢ku neizvesnost konacne pro-
cene seizmickog hazada. Obic¢no se za ovakvu neizvesnost
koristi pristup putem metode logi¢nih-grana, u kojoj su al-
ternativni modeli zari$ta ukljuceni kao grane. Na primer,
moze se uzeti razlicite gustine ¢elija i stepena konacnog
zagladivanja, razliCite parametre koji se koriste za proce-
nu granica kompletnosti kataloga ili grupe prostornih, 3-D
povrsinskih i linearnih zona seizmickih Zarista.
Tumacenje zona raseda koje su dali autori ovog rada
dato je na slici 2. Detaljnijim uvidom u ovu sliku vidi se
da je poznavanje aktivnih raseda u ovom podrucju veo-
ma neujednaceno. U nekim delovima podrucja, kartira-
ni su samo najizrazeniji rasedi, dok je za druge delove
data gusta mreza raseda, obi¢no bez ikakve klasifikacije
prema njihovoj aktivnosti ili znacaju. Nazalost, parame-
tri, kao §to je segmentacija raseda ili procenjena kvartarna
aktivnost ili brzina prirasta seizmickog momenta, ugla-
vnom nisu dostupni. U takvim okolnostima, maksimal-
na magnituda M_  unutar svake zone odredena je tako
da bude jednaka magnitudi najve¢eg uocenog zemljotresa
koji je naveden u katalogu i koja je uveéana za neku pret-
hodno definisanu vrednost. U retkim slucajevima, gde su
utvrdeni aktivni segmenti raseda, koris¢ena je njihova du-
zina da bi se dodatno ograni¢ila maksimalna magnituda
M, .. pomocu empirijskih relacija Wells-a i Coppersmith-
a (1994). Za podrucja dalje od zona raseda (seizmic¢nost

pozadine), uzeta je maksimalna magnituda M= 5,0.
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tute, Zagreb].

pleteness thresholds in space and time. Details of the pro-
cedure used may also be found in Herak et al. (2009).

For computations, the region is divided into a reg-
ular mosaic of square cells. For each cell, parameters a,
b,and M, , along with their uncertainties, are calculat-
ed taking the magnitude completeness thresholds into ac-
count. Parameter b is estimated using the maximum-like-
lihood algorithm of Weichert (1980), considering only
carthquakes above their respective completeness thresh-
olds, within the smallest circle with its center in each
of the cells that holds at least 60 such events. a is as-
sessed by counting the number of events N, = N(M >
3.0), N, = N(M > 3.5), N, = N(M > 4.0) within the cir-
cle, that occurred after the corresponding onset of com-
plete reporting. For each N,, N.(b) = 10 is estimated
using eq. (4), and averaged, and representative a is ob-
tained by taking the logarithm of the average. To esti-
mate M, _we first map surface traces of major faults in
the region (Fig. 2). Comparing the geographical distribu-
tion of historical seismicity to the known fault systems,
we delineate fault zones, which cover individual active
faults, their segments, or larger fault zones. This is clear-
ly a subjective process, which increases epistemic uncer-
tainty of the final hazard estimate. Usually such uncer-
tainty is dealt with by a logic tree approach, where alter-
native source models are included as its branches. For in-
stance, one may consider changing the density of cells
and the degree of final smoothing, different parameters
that are used to assess the catalog completeness thresh-
olds, or sets of areal, 3-D planar, and linear sources.

Our interpretation of fault zones is presented in Fig.
2. A closer look reveals that the level of knowledge on ac-
tive faults in the region varies significantly. In some ar-
eas only the most prominent ones are mapped, whereas
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U ovom radu, seizmiCka aktivnost se diskretizu-
je kroz mozaik kvadratnih ¢éelija 8,3 x 8,3 km?. Nakon
Sto se parametri @, b, i M, _pripiSu svakoj od ¢elija kao
Sto je gore opisano, dobijena prostorna rasprostranjenost
zagladi se pomocu bivarijantnog, normalnog, elipsastog
kernela sa dve promenljive (videti, na primer, Lapaj-
ne i dr., 2003), sa glavnom osom usmerenom duz pre-
dominantnog pravca pruzanja raseda unutar odgovaraju-
¢e zone zarista. Njihova se Sirina (sa standardnim odstu-
panjem) duz glavnih i manjih osa skalira na maksimal-
nu o¢ekivanu duzinu raseda, odnosno na $irinu projekcije
povrsine rasedne ravni, koje su odredene za odgovaraju-
¢u M unutar ¢elije pomocu relacije Wells-a i Copper-
smith-a (1994). Ukoliko je potrebno, da bi se izjednaci-
le nerealno brze lokalne promene parametara (posebno b-
vrednosti), dobijena polja parametara konacno se uglade
sa cirkularnim 2-D filterom.

Prostorne promene parametara a, b, i M, prika-
zane su na slikama 3, 4 i 5. Da bi se uzele u obzir po-
sledice neizvesnosti prilikom procene seizmicke aktivno-
sti, u odnosu na parametre a, b, i M, uzima se distri-
bucija verovatno¢e za logaritam broja zemljotresa, log,,
(N(M)), u jednacini (4):

log,g (N(M))=a—bM 7za M, <M<M,_  (5)

a-value (log N = a — bM)

47

i

¥4
T
SN=cas

irasid (EEEEE
)
o

T

T

46

o
mm

45

AR
N

I
mr
i~

BT

REI

WA
T
i
T
mEEm i

g,

=
!
H

i pamEEEE

s

42

I}

o
B
==
jmi

1 o .
13 14 15 16 7 18 19 20

Slika 3.Regionalne varijacije parametra seizmicke aktivnosti a.

Figure 3. Regional variations of seismicity parameter a.

U primerima u ovom radu, uzima se da log, , (M(M))
sledi trougaonu distribuciju (videti primer b, Deo 4.3 u
radu Lee-a i Trifunca, 1985). Ova distribucija se moze
objasniti pomoc¢u dodatnih parametara da i 6b (koji su
odredeni na standardni nacin, npr. Weichert, 1980) i po-
mocu dM_, , za koju se uzima da je svugde 0,5. Zatim se
konacni model diskretizovane seizmicke aktivnosti unosi
u softver za probabilisticku procenu seizmickog hazarda

(PSHA) sa slede¢im vrednostima za svaku Celiju:
Geografska Sirina Geografska duZina b 8b a da H(km) 6H (km) M,
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in the others a dense network is given, often without any
classification by activity or importance. Unfortunately,
parameters as the fault segmentation, or estimated Qua-
ternary activity and the moment release rates are general-
ly not available. In such circumstances, M, within each
zone was determined to be equal to the magnitude of the
largest observed earthquake listed in the catalog increased
by some predefined increment. In rare instances where
active fault segments have been identified, their lengths
were used to put additional constraints to M by way of
empirical relations proposed by Wells and Coppersmith
(1994). For the regions outside of the fault-zones (back-
ground seismicity), a constant M= 5.0 was assumed.

Here we discretize seismicity into a grid of square
cells 8.3 x 8.3 km?2. After a, b, and M, . had been as-
signed to each of the cells as described above, the result-
ing spatial distribution is smoothed using a bivariate nor-
mal elliptical smoothing kernel (for an example see e.g.
Lapajne et al., 2003), with the major axis directed along
the predominant strike of faults within the corresponding
source zone. Their widths (standard deviations) along the
major and minor axes are scaled to the expected max-
imum fault length, and to the width of the surface pro-
jection of the fault plane, respectively, estimated for the
corresponding M in the cell by relations of Wells and
Coppersmith (1994). If necessary, in order to even-out
unrealistically rapid local changes of parameters (espe-
cially the b-value), the resultant parameter fields are fi-
nally smoothed with a circular 2D filter.

The spatial distributions of'a, b, and M, are shown
if Figs. 3, 4, and 5. To include the consequences of the
uncertainties in estimation of the seismicity, relative to
the parameters a, b and M, a probability distribution
is assumed for the logarithm of the number of the events,
log,, (N(M)), in Eqn. (4):

log,, (N(M))=a—bMfor M, <M<M_ (5

In the present examples, log,, (N(M)) is assumed
to follow a triangular distribution (see Example b, Sec-
tion 4.3 of Lee and Trifunac, 1985). This distribution can
be described by additional parameters 6a and b (which
were estimated in a standard way, e.g. Weichert, 1980)
and dM_ taken to be equal to 0.5 everywhere. The final
discretized seismicity model is then input into the PSHA

software as a table, with following entries for each cell:
Latitude Longitude b 5b a da H(km) 6H (km) M

The first two columns give the latitude and longi-
tude at the center of each cell. This is followed by the pa-
rameters of Eqn. (4) and their corresponding uncertain-
ties: b, ob, a, da in the 3™ to 6™ columns. The 7t and 8
columns give the average focal depth, H, and its uncer-
tainty, 0H, both in km. The last (9™) column gives M,
the largest magnitude. The focal depth, H, and its uncer-
tainty, 0H, in each cell, were interpreted in our calcula-
tions to define a sub-volume with the given surface arca
and the depth range from H — 0H to H + 0H km.
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b-value (log N = a — bM)
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Slika 4. Regionalne varijacije parametra b.

Figure 4. Regional variations of parameter b.

U prve dve kolone date su geografska §irina i duzi-
na u centru svake celije. Zatim su dati parameteri jedna-
¢ine (4) i njihove odgovarajucée standardne devijacije: b,
0b, a, da od 3. do 6. kolone. U 7.- i 8. koloni data je pro-
secna dubina hipocentra, H, i njegova standardna devija-
cija, 6H, obe u km. U poslednjoj (9.) koloni data je M,
najveca magnituda. Dubina hipocentra, H, i njena stan-
dardna devijacija, 0H, u svakoj ¢eliji interpretirane su u
prorac¢unima tako da definiSu zapreminu sa datom povr-
Sinom svake ¢elije 8,3 x 8,3 km? i opsegom dubine od
H—-0H do H + 0H km.

3. JEDNACINE SKALIRANJA

U daljem tekstu dat je kratak pregled jednacina ska-
liranja koje je Lee (1995) razvio za teritoriju bivse Ju-
goslavije. Prikaz metoda moze se takode videti i u rado-
vima Lee-a 1 Manica (2009) i Lee-a (2002, 2007). Radi
kompletnosti ovog rada, u daljem tekstu sazeto su prika-
zani delovi iz rada Lee-a i Ma-
ni¢a (2009).

Mmax

47

46

45

44

rimi
o
AT

T
T
TP TT
T

T
PITIT

43

42

Slika 5. Regionalne varijacije M, .

Figure 5. Regional variations of M_

max"

3. THE SCALING EQUATIONS

The following is a brief summary of the scaling
equations, which were developed for the territories of
former Yugoslavia by Lee (1995). A review of the proce-
dure can also be found in Lee and Mani¢ (2009), but for
the completeness of this presentation the following sec-
tions present excerpts from Lee and Mani¢ (2009) paper.

3.1. The Yugoslav Strong Motion Database

The strong motion database for the territory of
former Yugoslavia was collected by the strong-motion
accelerograph network, which was installed in the ear-
ly 1970s (Jordanovski et al., 1987). Table 1 (from Lee et
al, 1990) illustrates the data available and shows the dis-
tribution of records from earthquakes between 1975 and
1983, with magnitudes in the range from 2.5 to 7.25. The
earthquakes were mostly of shallow depths (< 25 km),

Tabela 1. Broj zapisa u odnosu na magnitude, M, i rastojanje D = (R? + H*)?

Table 1. Number of Records versus Magnitude, M, and Distance D = (R?> + H?)!”

3.1. Jugoslovenska baza po- log,, D (km)
dataka o silnom Kkreta-
nju tla M, 0,7 | 09 1,1 1,3 1,5 1,7 1,9 | 21 2,3
. 6,76-7,25 2 2 1 2 1 9 6
Baza podatakg 0 Slh‘.IOEIl 6.26-6.75
ugosiavie fominana e 7 . |_21002 I T T
2egakcelejrografa koji ;u zapisa- 5,26-5,75 ! s 3 2 3 > !
.. . N 4,76-5,25 1 3 9 11 5 1 2
li silna kretanja tla. Ova mreza 226475 2 2 T >3 1 2
bila je instalisana ranih 1970-tih —
godina (Jordanovski i dr., 1987). 3,76-4,25 ! 3 > 125 |12 ] 6 L
Zapisani podaci su digitalizova- 3,26-3,75 I ! 34 34 10 4 3
ni i obradeni koriste¢i metode 2,76-3,25 2 3 21 21 6 6 2

Lee-a i Trifunca (1979). Tabe-
la 1 (preuzeta iz rada Lee i dr.,
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* Intervali su na 0,2, koncentrisani na 0,7, 0,9, 1,1 ....
* Intervals 0.2 units wide, centered at 0.7, 0.9, 1.1 ....
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1990) opisuje te podatke i pokazuje rasprostranjenost za-
pisa zemljotresa koji su se dogodili u periodu od 1975.
do 1983. godine, sa magnitudama u dijapazonu od 2,5 do
7,25. Zemljotresi su uglavnom bili malih dubina (< 25
km), a zapisi su uglavnom za mala epicentralna rastoja-
nja od <50 km.

3.2. Klasifikacija lokacije

Geolosku klasifikaciju lokacije za studije silnog kre-
tanja uveli su Trifunac i Brady (1975b) da bi opisali §iru
okolinu stanica za zapisivanja silnog pomerenja, a ona je
zasnovana je na geoloskim kartama. Te geoloske klasifi-
kacije date su za dimenzije izmerene u kilometrima, na-
suprot geotehnickim karakteristikama tla na lokaciji za
koje se u obzir uzima dubina od samo nekoliko desetina
metara ispod povrsine terena (Trifunac, 1990b). Geolo-
Ska klasifikacija lokacija je prikazana na tabeli 2.

Prema ovom pristupu, geoloska lokacija treba da se
klasifikuje kao lokacija koja lezi na sedimentima (s = 0)
ili na osnovnoj steni (s = 2). Medutim, lokacije koje ima-
ju slozenu okolinu ili su na granici izmedus=01s =2,
klasifikuju se kao “srednje ” (s = 1). Kasnije su Trifunac
i Lee (1979) uveli detaljniju geolosku klasifikaciju kori-
ste¢i dubinu sedimenata ispod stanice na kojoj se vrsi re-
gistrovanje zemljotresa, £, u km.

Tabela 2.
Table 2.
Geoloska klasifikacija
lokacije Opis
Geological Site Description
Classification
aluvijalne i sedimentne naslage
0 alluvial and sedimentary deposits
srednje i komplikovane lokacije
1 intermediate sites
osnovna stena
2 basement rock

Radi detaljnijeg opisa lokacija, pored geoloskih
uslova lokacije, s, i dubine sedimenata, 4, uvedeni su i
dodatni parametri 1980-tih godina. Prvo je uveden tip lo-
kalnog tla, s,, koji opisuje tlo u dubini do 100 ~ 200 m
ispod povrsine (Trifunac, 1990b), tabela 3.

Tabela 4 ilustruje distribuciju parametara tla i geo-
loskih uslova lokacije u bazi podataka o silnom kretanju
na teritoriji bivse Jugoslavije.

3.3. Definicija rastojanja za odredivanje atenuacije

Tokom 1970-tih godina, funkcionalni oblik atenu-
acije sa epicentralnim rastojanjem R sledio je definici-
ju lokalne magnitude (Trifunac, 1976), po kojoj je loga-
ritam maksimalne amplitude zapisa na standardnom in-
strumentu jednak magnitudi zemljotresa (Richter, 1958;
Trifunac, 1991b). Koriséen je oblik atenuacije

log Ay (R)+...—g (T) R (6)
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and the records are for small epicentral distances, typi-
cally <50 km.

3.2. Site Classification

The geological site classification for strong-motion
studies was introduced by Trifunac and Brady (1975b) to
describe the broad environment of the recording station
and is based on geologic maps. The recording sites are to
be viewed on a scale measured in terms of kilometers, in
contrast to the geotechnical site characterization, which
is viewed in terms of the top several tens of meters only
(Trifunac, 1990b). This geological site classification is il-
lustrated in Table 2.

Tabela 3.
Table 3.

Tip tla, s, Opis
Soil Type, s, Description

“stenovito” tlo

0 “rock” soil site
| kruto tlo

stiff soil site
2 duboko tlo

deep soil site

According to this approach, a site should be classi-
fied either as being on sediments (s = 0) or on the base-
ment rock (s =2). However, for some sites having a com-
plex environment, an “intermediate” classification (s = 1)
was assigned. Trifunac and Lee (1979) later introduced a
refined geological site classification and used the depth
of sediments beneath the recording site, £, in km.

In the 1980s, additional parameters were introduced
to refine the characterization of the local site beyond the
geological site condition, s, and the depth of sediments,
h. The first introduced was the local soil type, s,, repre-
sentative of the top 100 ~ 200 m of soil (Trifunac, 1990b)
(Table 3).

Table 4 illustrates the distribution of the soil and ge-
ological site conditions in the strong motion database of
former Yugoslavia.

3.3 Definition of Distance for Attenuation Relation

During 1970s, the functional form of the attenuation
with epicentral distance R followed the definition of local
magnitude scale (Trifunac, 1976), which states that the
logarithm of the corrected peak amplitude on a standard
instrument is equal to the earthquake magnitude (Rich-
ter, 1958; Trifunac, 1991b). Hence, the functional form
of attenuation,

logdy(R)+...—g (DR 6)

was used, where log 4, (R) is the Richter’s empirical at-
tenuation function based on his observations in southern
California. The linear term g (7) R was intended to acco-
unt for the average correction for anelastic attenuation.
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Tabela 4. Broj zapisa za razlicite dijapazone magnituda, geoloske klasifikacije (s = 0i 2) i uslova tla (s, = 0,1 i 2) za lokacije gde su
zapisana silna kretanja na teritoriji bivse Jugoslavije (tabela preuzeta iz rada Lee-a i Trifunca, 1993).

Table 4. (from Lee and Trifunac, 1993). Distribution of records in different magnitude ranges, for different geological site classificati-
ons (s = 0 and 2) and for different soil-site classifications (s, = 0,1 and 2) for the strong-motion records in former Yugoslavia

s=2 s=1 s=0
Osnovna stena Srednje tvrdo tlo Lokacije na sedimentima Ukupno
Basement Rock Intermediate Sediment Sites Total
SL SL SL
(a)
0 1 2 0 1 2 0 1 2
Sve magnitude: 11 45 0 54 52 0 35 110 6 313
All magnitudes:
M >4.25: 11 4 0 40 31 0 8 57 5 156
(b) 5,=0 s, =1 s, =2
Sve magnitude:
All magnitudes: 100 207 6 313
M >4.25: 59 92 5 156

gde je log 4, (R) Rihterova empirijska funkcija atenua-
cije zasnovana na njegovim osmatranjima u juznoj Ka-
liforniji. Linearni ¢lan g (7) R uveden je da bi se opisa-
la prosecna korekcija za neelasti¢nu atenuaciju. Detalj-
ni opis ove funkcije atenuacije moze se naé¢i u radu Tri-
funca (1976).

Trifunac i Lee (1985a,b) su 1980-tih godina razvili
funkciju atenuacije zavisnu od magnitude i frekvencije,
Att (A, M, T), akasnije su je Lee i Trifunac (1992) usvo-
jili za proucavanje empirijskih podatka o silnom kretanju
na teritoriji biv§e Jugoslavije. Att (A, M, T) je funkcija
“reprezentativnog” rastojanja A od zarista do lokacije, za
magnitudu M i za periodu 7 silnog kretanja tla. Detaljan
opis ove funkcije Citalac ¢e naci u gore navedenim rado-
vima. Ukratko,

At (A9 M T) = AO (T) log]() A7
gde je

a+blog, T+c(log,T) T <l1.8sec

T) =
D { ~0.761 T>18sec (7
a A (7) je funkcija periode 7, aproksimirana parabolom
za T < 1.8 sec i konstantom za periode duze od 1.8 sec,
gde je @ = —0.831, b = 0.313, i ¢ = —0.161. Rastojanje
izmedu zarista i stanice sa instrumentom, A, definisano je
kao u radu Gusev-a (1983):

®)

5 5 5 -1/2
A:S(lnR +H +S j

R*+H*+S;
gde je R povrsinsko rastojanje od epicentra do lokacije,
H je dubina hipocentra, S = 0.2 + 8.51 (M — 3) je velici-

na ZariSta zemljotresa sa magnitudom M, a S, je radijus
korelacije za funkciju Zari$ta. Aproksimiran je pomocéu
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A detailed description of this attenuation function can be
found in Trifunac (1976).

In 1980s, Trifunac and Lee (1985a,b) developed the
first magnitude-frequency-dependent attenuation func-
tion, Att (A, M, T), and later, Lee and Trifunac (1992)
adopted the same procedure for empirical studies of
strong-motion data in former Yugoslavia. At (A, M, T),
is a function of the “representative” distance A from the
source to the site, for magnitude M and for period 7 of
strong motion. For a complete, detailed physical descrip-
tion of such a function, the reader is referred to the above
references. Briefly,

where

a+blog,T+c(log,T) T <l1.8sec

Ao (T) =
‘ { 0761 r>18sc ()
with A (7), a function in 7, approximated by a para-
bola for 7 < 1.8sec and a constant beyond that, where
a=-0.831,5=0.313, and ¢ =-0.161. The source-to-sta-
tion distance, A, was defined as in Gusev (1983):

®)

2 2 2 -12
A:S(lnR +H +S J

R +H*+S;

where R is the surface distance from the epicenter to the
site, H is the focal depth, S = 0.2 + 8.51 (M — 3) is the
size of the earthquake source at magnitude M, and S is
the correlation radius of the source function. It was ap-
proximated by S, = ¢ 7/2, where ¢, is the shear-wave ve-
locity in the rocks surrounding the fault.

Trifunac & Lee (1990) modified this attenuation
function to the following form:
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S, = ¢ 1772, gde je cg brzina smicucih talasa u stenama
koje okruzuju rased.

Trifunac i Lee (1990) modifikovali su ovu funkciju
atenuacije u slede¢i oblik:

A
Ao(T)log,, (Zj R<R,

AL(A,M.T) = _R-Ry) ®

A
Aomlogm(%j o R R

gde su A and R definisani kao $to je gore opisano. A
and R predstavljaju rastojanje van koga Att (A, M, T)
ima nagib koji je definisan preko Richterove lokalne ma-
gnitude M,. Novi parametar, L = L(M), uveden je da
predstavlja aktiviranu duzinu raseda. Aproksimiran je sa
L=.01x10%"km (Trifunac, 1993a,b). A/L je bezdimen-
zionalno reprezentativno rastojanje izmedu ZarisSta i mer-
ne stanice.

Treba napomenuti da, iako je metoda za razvijanje
funkcije atenuacije koja je zavisna od frekvencije, koju
su koristili Lee i Trifunac za teritoriju bivSe Jugoslavije,
identi¢na onoj koju su koristili i za Kaliforniju, funkcija
atenuacije dobijena za Jugoslaviju razli¢ita je od odgova-
rajuce funkcije za Kaliforniju i moze se primeniti samo
za regione bivse Jugoslavije.

3.4. Jednacdine skaliranja

Na osnovu atenuacije jakih seizmickih kretanja koja
zavisi od frekvencije za teritoriju bivSe Jugoslavije (Lee
i Trifunac, 1992) izvedeno je empirijsko skaliranje Furi-
jeovih spektara amplituda (Lee i Trifunac, 1993), a zatim
i skaliranje pseudo-relativnih brzina (Lee i Mani¢, 1994;
Lee, 1995). Jednacina skaliranja za Furijeove spektre ima
oblik:

log,, FS(T) =M + Att(A,M,T) +
b(T)M +b,"(T)S" +
+b$ (TSP +by(T)v +
+b,(T)+b"(T)S +
+b(T)SP +b(T)M*  (10)
gde je Att (A, M, T) definisana u prethodnom tekstu, v je
orijentacija komponente, v =0 za horizontalne i v =1 za

vertikalne komponente; S1V, S su pokazne promenljive
za geoloske uslove lokacije s, definisane kao

§ = 1 ako je s=1(srednje lokacije)
0 ako je s#1

an

SO — 1 ako je s =2 (osnovne stene)
0 ako je s+2

15,1, 5, @ su pokazne promenljive za tip tla, s,, na loka-
ciji, definisane kao
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A0 (T) 10glo [%j R < Rmax
A(ALM,T) =
( : A (T)lo A |_(R-Ryy) R>R ©)
0 €10 I 200 max

with A and R defined as above. A, and R represent
the distances beyond which Att (A, M, T) has a slope
defined by the Richter local magnitude scale M,. The
new parameter, L = L(M), was introduced to model the
length of the earthquake fault. It was approximated by
L=.01x10%"km (Trifunac, 1993a,b). A/L is the dimen-
sionless representative source-to-station distance.

Note that even though the procedure used by Lee
and Trifunac for developing the frequency-dependent at-
tenuation function in former Yugoslavia is identical to
what they used for California, the resulting attenuation
function in Yugoslavia is different from that in California
and can apply only to the regions of former Yugoslavia.

3.4. The Scaling Equations

Following the development of the frequency-de-
pendent attenuation of strong earthquake ground motions
for the former Yugoslavia (Lee and Trifunac, 1992), the
empirical scaling of the Fourier amplitude spectra was
derived (Lee and Trifunac, 1993), and then the scaling
of pseudo relative velocity (Lee and Manic¢, 1994; Lee,
1995). The scaling equations for Fourier spectra take the
form:

log,, FS(T) =M + Atc(A,M,T)+
b(T)M +b,"(T)S" +
+b(T)SP +b,(T)v +
+b,(T)+b"(T)S +
+b(T)SP +b(T)M*  (10)
where Att (A, M, T) was defined in the previous section,
v is the component orientation, v = 0 for horizontal and

v =1 for vertical components; SI, S@ are indicator vari-
ables for the site condition s, defined as

S — 1 if s = I (intermediate sites)
0 otherwise

1 if s =2 (basement rock sites
§¥ = { 4 ® / (11)

0 otherwise

and S,(V, §,@ are indicator variables for the soil type, s,,
at the site, defined as

SZU _ {I lfSL = [ (stiff soil sites)

0 otherwise

(12)

§O = 1 if's, =2 (deep soil sites)
L = .
0 otherwise
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S(I) — 1 akO je SL = J(kl’uto th)
. 0 ako je s, #1

1 akoj = 2 (duboko tl
SZZ):{ ako je s, (duboko tlo) (12)

0 akoje s, #2

Ovaj model, koji je koriS¢en za empirijsko skalira-
nje podataka o silnom kretanju tla u Jugoslaviji, sli¢an
je modelu Mag-lokacija+tlo (eng. Mag-site+soil), koji
su, za zapadni deo SAD-a, razvili Trifunac i Lee (1989).
Opis postupaka potrebnih za razvijanje ovih jednaéina
regresije, ilustracije rezultata i poredenja sa stvarnim po-
dacima mogu se naéi u radu Lee-a i Trifunca (1993).

Zatim su Lee i Mani¢ (1994) i Lee (1995) koristili
iste postupke i metode za regresiju spektra pseudo-relati-
vnih brzina (PSV):

log,, PSV(T) =M + At:(A,M,T)+
+b (T)M + b (T)S" +
+b(T)S® +by(T)v +
+b,(T)+ b (T)S" +
+b(T)SP +b (T)M? (13)

Jednacina (13) je identi¢na jednacini (10) u kojoj je
log,, S (T) zamenjen sa log,, PSV (T). Opis detaljnih
postupaka neophodnih za razvijanje ovih jednacina re-
gresije, ilustracije rezultata i poredenja sa stvarnim poda-
cima, mogu se naci u radu Lee-a (1995).

Lee (1995) je pokazao kako se koeficijenti jednaci-
ne skaliranja (13) mogu odrediti pomocu analize rasipa-
nja oko regresionih jednacina, i to obuhvata dva postu-
pka. Prvi postupak u analizi regresije je odredivanje za-
visnosti spektralnih amplituda od magnituda, reprezen-
tativnog rastojanja izmedu zarista i lokacije, geoloskih
uslova lokacije i orijentacije komponenti, ali ne uzima-
juci u obzir lokalne uslove tla. Drugim recima, ¢lanovi
bW (1) S,V + b (T) S, su izostavljeni u prvom delu
analize:

log,, PSV(T) =M + At(A, M, T)+c,(T)M +
+e"(T)SY +(T)S? +
+c3(T)v-|-c4(T)+c5(T)M2 (14)

Dalje, paraboli¢na zavisnost spektralnih amplitu-
da od magnitude u gornjoj jednac¢ini modifikovana je na
slede¢i nacin da bi se izracunale spektralne amplitude,
log,, PSV (T):
log,, PSV(T) = M_+Att(A,M,T)+c(T)M_, +

+cN(T)SY +P(T)SP + ey (T)v+
e, (1) + e (TME, (13)

gde sa:
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This model, used for empirical scaling of Yugoslav
strong motion data is similar to the Mag-site + soil mod-
el, which was developed for the western U.S. by Trifunac
& Lee (1989). Descriptions of the steps required for the
development of these regression equations, illustrations
of the results, and comparison with the actual data can be
found in Lee and Trifunac (1993).

Lee and Mani¢ (1994) and Lee (1995) then used
the same steps and procedures to perform regressions on
pseudo relative velocity (PSV), spectra:

log,, PSV(T) =M + Atc(A,M,T)+
+b(T)M + b"(T)S" +
+b2(T)S® +b,(T)v +
+b,(T)+b(T)S" +
+bP (TSP +b (T)M? (13)

Eqn. (13) is identical to Eqn. (10) with log,, #S (7)
replaced by log,, PSV (T). Descriptions of the detailed
steps required for the development of these regression
equations, illustrations of the results, and comparison
with the actual data can be found in Lee (1995).

Lee (1995) has shown how the coefficients of the
scaling equation Eqn. (13) can be estimated in terms of a
2-step residue model. The first step of regression is to es-
timate the dependence of the spectral amplitudes on mag-
nitude, representative source-to-station distance, geolog-
ical site conditions and component direction, but without
consideration of the local soil condition. In other words,
the term b,(D (7) S,V + 5@ (T) S,@ is absent in this first
step of regression:

log,, PSV(T) = M + At:(A, M, T)+¢,(T)M +
+e(T)SY +c2(T)S? +
tey(Tyw+e,(T)+e(MM> (19

Further, the parabolic dependence of the spectral
amplitudes on magnitude in the above regression equa-
tion is modified to the following to calculate the estimat-
ed spectral amplitudes, log,, PSV (T):

log,, PSV(T) = M_+Att (A,M,T)+c,(T)M_, +
+c§1) (T)S“) +c§2) (T)S(z) +e,(Tyv+

e, (T)+ ¢, (TYM2. (15)
where, with
M =220 i - —0aD),
2¢,(T) 2¢,(T)
M. =M_(T)=min(M,M,, (T))
M_ =M_(T)=max (M, (T).M_(T)) (16)

With log,, PSV (T) and log PSV (T) the logarithms
of respectively the actual and estimated response spec-
tral amplitudes at period T, the residues, ¢ (7) , are de-
fined as
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_ —C (T)
Mo, (1) = 2¢,(T)’

M_=M_(T)=min(M,M,, (T))
M_ =M_(T)=max(M,, (T),M_(T))

—(1+c1(T))

>

(16)

min

Salog,, PSV (T)ilog,, PSV (T), logaritmima stvar-
nih, odnosno procenjenih spektralnih amplituda odgovo-
ra u periodi T, rasipanja oko regresionih jednacina ¢ (7)
definisana su kao

e(T)=log,, PSV(T)—-log,, PSV(T) 17)

Ova rasipanja, na svakoj lokaciji za koju postoji kla-
sifikacija tla, zatim su analizirana regresijom u odnosu na
promenljive S, i S,®). Medutim, ranije data tabela 4 po-
kazuje da je, od ukupno 313 zapisa sa poznatom klasifi-
kacijom tla, samo 6 bilo za duboko tlo (s, = 2). Stoga, za
lokacije koje leze na dubokom tlu, nema dovoljno poda-
taka. Iz ovog razloga, samo su zapisi sa klasifikacijom tla
s, =0 (“stenovito” tlo) i s, = 1 (tvrdo tlo) bili ukljuceni u
drugi postupak regresije, sa

e(T)=c"(1)S}" +¢,(T) (18)

Kombinovanjem jednacina (16) i (18) iz dva postu-
pka (koraka) za regresiju, dobija se:
log,, PSV(T) = M_ + Ate(A,M,T) +
b(DM_ +b,"(T)S" +
+b(T)S® +b,(T)v +
+b,(T) +by(T)M, +
+b{"(T)S"
gde b, (T) = ¢, (T), osim za b, (T) = ¢, (T) + ¢, ().
Koeficijenti skaliranja u jednacini (19) ukratko su

prikazani u tabeli 5, za 12 perioda, u dijapazonu od 0.04
do 2.00 s.

(19)

e(T) =log,, PSV(T)~log,, PSV(T) (17

The residues at each site where the soil classifica-
tion is available were next regressed relative to the soil
classification indicator variables S, and S,®. However,
Table 4 above shows that of the total 313 records, with
known soil site classification, only 6 of those records are
on deep soil (s, = 2). There is thus inadequate data for
deep soil sites. It is for this reason that only records with
soil classification s, =0 (“rock™ soil) and s, = 1 (stiff soil)
were included in the second step of regression, with

e(I) =’ (1)S, +¢,(T) (18)

Combining Eqns. (16) and (18) from the two steps
of regression gives:

log,, PSV(T) = M_ + Ate(A,M,T) +
b(TYM_ +b"(T)S™ +
+bP(T)S® +b,(T)v+
+b, (T)+b(T)M?, +

+b, (TS} (19)
where b, (T) = ¢; (T), except that b, (T) = ¢, (T) + ¢, (T).

The scaling coefficients in Eqn. (19) are summa-
rized in table 5, at 12 periods, in the range from 0.04 to
2.00 s.

3.5. Vertical PSV Spectral Amplitudes and Geologi-
cal and Soil Site Conditions

The plots in this work that present the uniform haz-
ard spectral amplitudes for PSV spectra using Eqn. (19)
are for geological sites s = 0 (alluvium), soil sites s, = 1
(stiff soil) an for v = 0 (horizontal ground motion), be-
cause those site conditions are among the most common.
For other site conditions, it is necessary to estimate the
PSV spectral amplitudes at basement rock (s = 2) or in-

Tabela 5. Koeficijenti za proracun amplituda pseudo-relativnih brzina (u jednacini (19)), ukljuc¢ujuci korekcije za geoloSke uslove lo-
kacije (b,(V, b)), orijentaciju komponente (b,) i klasifikaciju tla (b,")

Table 5. Coefficients for Computing PSV Amplitudes (in Eqn (19)), including Corrections for: site Geology (bz(l/, bZ(Z)), Component

Orientation (b,) & Soil Classification (bﬁ(l))

Perioda (Period) — T, s

T= 0,040 0,060 0,080 |0,100 [0,150 [0,200 [0,400 [0,600 [0,800 [1,000 [1,500 |2,000
b, (T) 0331 0339 0374 |0,401 [0,417 [0,377 |0,138 [0,002 [-0,047 [-0,048 [0,024 [0,111
b,O(T)  |-0,130 |-0,121 [-0,099 |-0,075 [-0,024 [0,007 [0,016 |-0,022 [-0,058 |-0,086 |-0,131 |-0,157
b, (1) |-0,011 [-0,051 |[-0,002 |-0,127 [-0,188 [-0,220 [-0,230 |-0,207 [-0,202 [-0212 |-0,267 |-0,326
by (T) 0,141 |-0,145 [-0,156 [-0,169 [-0,200 [-0,223 [-0,267 [-0,266 |-0,250 |-0,231 |-0,183 |-0,144
b, (T) 3,565 |-3354 |-3,560 |-3,582 [-3,566 |[-3.462 [-2,935 |[-2,639 |-2,536 |-2,540 |-2,723 |-2,940
bs (T) 0,070 |-0,072 [-0,077 [-0,079 [-0,082 [-0,078 [-0,056 |[-0,043 [-0,039 |[-0,039 |-0,047 |-0,055
b (T) 10230 [0218 [0221 [0228 [0241 (0242 0,194 [0,41 [0,101 |0,072 [0,027 |0,000
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3.5. Spektralne amplitude vertikalnih pseudo-relati-
vnih brzina i geoloSki uslovi i uslovi tla lokacije

Slike u ovom radu koje predstavlaju spektralne am-
plitude uniformnog hazarda za pseudo-relativne brzine
dobijene putem jednacine (19), i date su za lokacije ge-
oloskog tipa s = 0 (aluvijum), lokacije na tlu tipa s, = 1
(kruto tlo) i za v = 0 (horizontalno kretanje tla), jer su ovi
uslovi lokacije medu najces¢im. Za druge lokalne uslo-
ve, potrebno je odrediti spektralne amplitude pseudo-re-
lativnih brzina na osnovnoj steni (s = 2) ili za srednje ge-
oloske uslove (s = 1) ili za lokacije na “stenovitom” tlu
(s, = 0) i za vertikalna kretanja tla (v = 1). Da bi se omo-
gucila procena ovih razlika, u tabeli 5 ukljuceni su svi
koeficijenti koji su neophodni za modifikaciju proracu-
natih amplituda spektra odgovora uniformnog seizmi-
¢kog hazarda. U daljem tekstu, opisano je kako treba do-
dati ¢lanove koji daju log, PSV (T) za datu geologku lo-
kaciju s, tip lokacije na tlu s, i orijentaciju komponenete
v, koje su razli¢ite od s =0, s, =1iv=0.

log,, PSV(T) = log,, PSV(T)*+b{"(T)S™ +
+b,"(T)S? +b,(T)v—b" (TS}
gde je

log,, PSV (T)* = PSV izradunato za s = 0, S, =1i
y=0,

S0 — 1 ako je s=1(srednjelokacije)
0 ako je s#1

1 ako je s =2 (osnovna stena)
§? = { (11) gore

0 ako je s#2
11z jednacine (12):

0 ako je s, = 1(krutotlo)
1 ako je s, #1

SV =]-8" = { 20)
Treba napomenuti da S, (za lokacije na dubokom
tlu s, = 2) ovde nije uzeto u obzir jer nije koriS¢eno u

gore navedenom drugom koraku regresije.

3.6. Efekat duZine raseda i konacnih dimenzija Zari-
$ta u odnosu na Zarista u tacki

Za epicentralno rastojanje R >> L, gde je L duzina
raseda i za slucajeve gde je slaba seizmicCka aktivnost u
okolini lokacije moze se uzeti da Zarista zemljotresa ne-
maju dimenzije. Medutim, kada je R jednako L i krace
od L i kada se veliki zemljotres moze dogoditi u blizini
lokacije, efekat dimenzija zariSta mora da se ukljuci u
proracun amlituda spektra odgovora uniformog hazar-
da. U primerima koji su opisani u ovom radu, uzima se
da je seizmicka aktivnost lokacije mala i da se dimenzi-
je zariSta mogu zanemariti. Da bismo ilustrovali koliko
spektralne amplitude mogu da se povecaju zbog kona-
¢nih dimenzija zariSta, podsetimo se jednog primera iz
rada Westermo i dr. (1980), u kome je uzeto da se du-
zina raseda moze aproksimirati pomocu log L = 2M/3 —
3.08, gde je L dato u kilometrima. Ovo odgovara jedna-
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termediate (s = 1) geological sites, or for “rock™ soil sites
(s, =0), and for vertical motions (v=1). Table 5 includes
all coefficients, which are required to modify the com-
puted uniform hazard spectral amplitudes to account for
these differences. In the following we describe the addi-
tional terms to be added to log, PSV (T) for given geo-
logical site, s, soil site s, , and component orientation v,
other thans=0,s, =1iv=0.

log,, PSV(T) =log,, PSV(T)*+b{"(T)S™ +
+bP(T)S® +b,(T)v—b{"(T)S

where
log,, PSV (T)* = PSV computed for s =0, S, =1
and v=0,

S0 = { 1 if s = I(intermediate sites)

0 otherwise

§? = {1 if's = 2 (basement rock sites) (11) above,

0 otherwise

and from Eq. (12):
0 if' s, = I(stiff soil sites)

1 otherwise (the cases, =0)

SV =]-8" = { 20)

Note that S, (for deep soil site, s%1 = 2) is not in-
cluded, here since it is not used in the 2" step of regres-
sion above.

3.6. Effect of Rupture length and Finite Source di-
mensions versus Point Sources

For epicentral distances R >> L, where L is the fault
length, and when the seismicity surrounding the site is
low, it may be assumed that the earthquake sources have
no dimensions. However, when R becomes comparable
to and smaller than L, and when large earthquake can
occur near the site, the effect of extended source must
be included in the calculation of uniform hazard spec-
tral amplitudes. In the examples presented in this paper
it is assumed that the seismicity surrounding the site is
low and that the source dimension can be neglected in
the AT-UHS calculations. To illustrate how the spectral
amplitudes can increase due to the finite source dimen-
sions, we recall an example from Westermo et al. (1980),
in which it was assumed that the fault length can be ap-
proximated by log L = 2M/3 — 3.08, where L is in kil-
ometers. This corresponds to the equation proposed by
Thatcher and Hanks (1973) for the stress drop of 30 bars.
To compute the probabilistic spectral amplitudes from an
earthquake source with epicenter at a point in the dif-
fused source region it is assumed that the orientation of a
straight fault is equally likely along all azimuths (Ander-
son & Trifunac 1978a). Figure 6 illustrates the differenc-
es of UHS amplitudes between the point and finite source
dimensions versus M, both on the surface of the half
space. With increasing source depth these differences de-
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log,, PSV

f sssasasies Point Source

: log,(L) = 2M/3 - 3.08 -
0.0 1 1 1 1 1 1 1 1 1
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M

Slika 6. Zavisnost amplituda pseudo-relativnih brzina spektra
odgovora uniformnog seizmickog hazarda (cm/s), sa frekvenci-
jama od 0,15 Hz i 14,3 Hz, od pretpostavke da je Zariste u tacki
i linijskih zarista, za P = 0,5, tokom seizmickog dejstva od 50
godina, i u zavisnosti od M, . a=3 b=1iM .=30sene

min
menjaju u ovom primeru (iz Westermo i dr., 1980).

max

Figure 6. Dependence of the UHS PSV amplitudes (cm/s) of the
oscillators, with natural frequencies of 0.15 Hz and 14.3 Hz, on
the point source and line source assumptions, for P=0.5, during
50 years of exposure, versus M, .a=3,b=1andM, = 3.0
are held constant (from Westermo et al. 1980).

¢ini koju su predlozili Thatcher i Hanks (1973), za pad
napona na rasedu od 30 bara. Da bi se izra¢unale pro-
babilisticke spektralne amplitude iz Zarista zemljotre-
sa sa epicentrom u tacki u podru¢jima gde se moze pre-
tpostaviti da je L # 0 pretpostavljeno je da je orijentaci-
jaraseda jednako verovatna za sve azimute (Anderson i
Trifunac, 1978a). Slika 6 ilustruje razlike u amplituda-
ma spektara odgovora uniformnog seizmickog hazarda
izmedu zariSta u tacki i zariSta sa kona¢nim dimenzija-
ma, u zavisnosti od M__, na povrSini poluprostora. Sa
povecanjem dubine zariSta, ove razlike se smanjuju, a
kod horizontalnih linijskih zari$ta na dubuni H > L, ove
razlike se gube.

4. SPEKTAR ODGOVORA UNIFORMNOG SEI-
ZMICKOG HAZARDA U ZAPADNOM DELU
REPUBLIKE SRPSKE

Spektri odgovora uniformnog seizmickog hazarda
(UHS) za pravougaono podrucje sa geografskim koordi-
natama od 44°N do 45.5°N i od 16.6°E do 18°E, u zapa-
dnom delu Republike Srpske, ilustrovani su na slikama
od 7a do 7e. Ovi spektri izracunati su iz niza zemljotre-
sa za zari$ta (6720) koja su gore opisana, koja su unutar
radijusa od 150 km mereno od tacke gde je seizmicki ha-
zard racunat. Proucavali smo potrebno rastojanje za in-
tegraljenje amplituda spektra odgovora uniformnog se-
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crease, and for a horizontal line source at depth H > L the
differences disappear.

4. UNIFORM HAZARD SPECTRA IN THE WE-
STERN REPUBLIC OF SRPSKA

The Uniform Hazard Spectra (UHS) for the rec-
tangular area from 44°N to 45.5°N, and from 16.6°E to
18°E, in the western part of the Republic of Srpska are
illustrated in Figs. 7a through e. Those were calculated
from a sequence of events at those (6720) volume sourc-
es described above, which are within 150 km radius of
the point where hazard is evaluated. We studied the re-
quired distance range for integration of UHS amplitudes
and found that for the relatively low seismicity of this re-
gion 150 km radius leads to adequate approximation of
the total hazard. In seismically more active regions, and
in the regions where attenuation of wave amplitudes is
slower this radius must be extended to several hundred
kilometers (Anderson and Trifunac 1978; Lee & Trifu-
nac 1987). The empirical scaling equations were used at
each of the 12 selected oscillator periods independently,
to compute the spectral amplitudes. The spectral ampli-
tudes, in the form of log,, (PS¥(7)), in cm/sec, were then
computed for T = 0.04, 0.06, 0.08, 0.10, 0.15, 0.20, 0.40,
0.60, 0.80, 1.00, 1.50, 2.00 seconds. Those are illustrat-
ed here for damping of ¢ = 0.05, in terms of the Yugoslav
magnitude scaling model (Lee and Mani¢, 1994; Lee,
1995), for geological site condition of s = 0 (alluvium),
local soil classification s, = 1 (stiff soil) and v = 0 (hor-
izontal component of motion). The examples illustrated
in the figures have been calculated for a given probability
P and for the exposure time of Y = 50 years. As already

Uniform Hazard Spectra — Pseudo Relative Velocity, PSV (cm/S) ¢uiour 1evels
Probablllty of Exceedance O 01 in 50 ears 10g,o(PSV):
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Slika 7a. Geografske varijacije (izmedu 16,5°E i 18,0°E i
44,00°N i 45,50°N) spektra odgovora uniformnog seizmi-
¢kog hazarda pseudo-relativnih brzina (cm/s), za 12 perioda
T=04sdo 2,0s, za P= 0,01 u vremenu izloZenosti seizmi-
Ckom dejstvu od Y = 50 godina.

Figure 7a. Geographical variations (within 16.5°E to 18.0°E
and 44.00°N and 45.50°N) of UHS of PSV (cm/s), at 12 periods
T=0.4s to 2.0s, for P=0.01 in Y=50 years exposure.
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Uniform Hazard Spectra — Pseudo Relative Velocity, PSV (cm/S) ¢ouour 1evels
Probability of Exceedance = 0.10 in ears log,(PSV):
3°] Y i 18°E 18°F.

T i
450 7 4

e

[0.00,0.10)

[ oo
450 [ o1
O o2
M o3
44N m o

= | =g
Al N
BERR e,

Slika 7b. Geografske varijacije (izmedu 16,5°E i 18.0°E i
44.00°N i 45,50°N) spektra odgovora uniformnog seizmi-
¢kog hazarda pseudo-relativnih brzina (cm/s), za 12 perioda
T=04sdo 2.0s, za P= 0,10 u viemenu izloZenosti seizmi-
Ckom dejstvu od Y = 50 godina.

Figure 7b. Geographical variations (within 16.5°E to 18.0°E
and 44.00°N and 45.50°N) of UHS of PSV (cm/s), at 12 periods
T=0.4s to 2.0s, for P=0.10 in Y=50 years exposure.

izmickog hazarda i ustanovili da, za relativno slabu sei-
zmicku aktivnost ovog podrucja, radijus od 150 km daje
adekvatnu aproksimaciju ukupnog seizmickog hazarda.
U podru¢jima vecée seizmiCke aktivnosti i podrucjima
gde je atenuacija amplituda talasa sporija, ovaj radijus
mora da se poveca na nekoliko stotina kilometara (An-
derson i Trifunac, 1978; Lee i Trifunac, 1987). Jednacine
empirijskog skaliranja koris¢ene su posebno za svaku od
12 izabranih perioda oscilacija da bi se prorac¢unale spek-
tralne amplitude. Zatim su spektralne amplitude, u obli-
ku log,, (PSV(T)), u cm/s, proracunate za T = 0,04, 0,06,
0,08, 0,10, 0,15, 0,20, 0,40, 0,60, 0,80, 1,00, 1,5012,00s.
One su ovde ilustovane za prigusenje od ¢ = 0.05, kori-
S¢enjem jugoslovenskog modela skaliranja sa magnitu-
dama (Lee i Mani¢, 1994; Lee, 1995), za geoloske uslo-
ve lokacije s = 0 (na aluvijumu), lokalno tlo tipa s, = 1
(kruto tlo) i v =0 (horizontalna komponenta kretanja tla).
Primeri ilustrovani na slikama izracunati su za datu vero-
vatnoc¢u P i za vreme izlozenosti seizmi¢kom dejstvu od
Y =50 godina. Kao $to je ve¢ napomenuto, P predstavlja
verovatno¢u da ¢e izracunate spektralne amplitude biti
prevazidene barem jedanput za vreme od Y = 50 godina.

Izracunavanjem amplituda spektra uniformnog sei-
zmickog hazarda na gustoj mrezi tacaka (kao $to je pri-
kazano na slikama od 7a do 7e), i za viSe verovatnoc¢a da
¢e amplitude biti prevazidene, moguce je izraditi spektre
odgovora uniformnog seizmickog hazarda amplituda ela-
sti¢nih pseudo-relativnih brzina za svaku lokaciju unu-
tar ovog podrucja, za svaku verovatnocu da ¢e amplitu-
de biti prevazidene i svaki period izloZenosti seizmi¢kom
dejstvu i to prostim o€itavanjem amplituda spektra odgo-
vora uniformnog seizmickog hazarda sa ovih dijagrama
i pomocu interpolacije. Na slici 8 prikazani su primeri
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Uniform Hazard Spectra — Pseudo Relative Velocity, PSV (cm/S) ¢yiour 1.evels
Probability of Exceedance = 0.50 in 50 Years logo(PSV):
18°E 17° 18°E i 18°E 17° 18°E

[-0.30,-0.20)
0 -03

- 0 o2
J-o1
B oo
44N | o
w0 O 02
W o3
W o4
_____________ 4on [l 05
W o6
- O o7
W os

0.9
449N [0.90, 1.00)
T

Slika 7c. Geografske varijacije (izmedu 16,5°E i 18,0°E i
44,00°N i 45,50°N) spektra odgovora uniformnog seizmi-
¢kog hazarda pseudo-relativnih brzina (cm/s), za 12 perioda
T=04s do 2,0s, za P= 050 u vremenu izloZenosti seizmi-
¢kom dejstvu od Y = 50 godina.

Figure 7c. Geographical variations (within 16.5°E to 18.0°E
and 44.00°N and 45.50°N) of UHS of PSV (cm/s), at 12 periods
T=0.4s to 2.0s, for P=0.50 in Y=50 years exposure.

noted P represents the probability of at least one exceed-
ance in Y = 50 years.

By calculating UHS amplitudes at a dense grid of
points (as shown in Figs. 7a through e), for a set of prob-
abilities of exeedance, and for different exposure periods,
it becomes possible to construct the UHS of elastic PSV
amplitudes for any site within the area, for any proba-
bility of exceedance and for any period of exposure, by
manually reading the amplitudes of the UHS amplitudes
from these plots and by interpolation. Examples of thus
computed spectra at 44.78N, 17.21E for elastic response
spectral amplitudes of PSV(T) at 5% damping, for expo-
sure time of Y = 50 years at 1, 10, 50, 90 and 99% prob-
abilities of exceedance P are shown in Fig. 8.

Fig. 8 illustrates such UHS for elastic response spec-
tral amplitudes of PSV(T). From the Response Spectral
Velocity, PSV(T), one can calculate the corresponding
Spectral Acceleration, PSA(T), as PSA (T) = 2#/T) PSV
(7) (cm/s?). Fig. 9 shows a plot of such a PSA (in units of
g =9.81 m/s?). It shows the UHS for 5% damping, expo-
sure time of Y = 50 years, and for 1, 10, 50, 90 and 99%
probabilities of at least one exceedance.

The choice of the exposure time of Y = 50 years
is common, but depends on application and must be se-
lected in accordance with the specified design guidelines.
Figure 10 illustrates the dependence of UHS for the re-
sponse spectral amplitudes of PSV(T) at 5% damping for
exposure times of Y =5, 10, 20,50 and 100 years and for
50% probability of exceedance. The spectral amplitudes
increase for all periods with increased exposure time.

Perusal of Figs. 7a through e will show that the UHS
of PSV amplitude change smoothly and slowly with dis-
tance. This is because all spectral amplitudes in these fig-
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Slika 7d. Geografske varijacije (izmedu 16,5°F i 18,0°E i
44,00°N i 45,50°N) spektra odgovora uniformnog seizmi-
¢kog hazarda pseudo-relativnih brzina (cm/s), za 12 perioda
T=04s do 2.0s, za P=0.90 u viemenu izlozenosti seizmi-
C¢kom dejstvu od Y = 50 godina.

Figure 7d. Geographical variations (within 16.5°E to 18.0°E
and 44.00°N and 45.50°N) of UHS of PSV (cm/s), at 12 periods
T=0.4s to 2.0s, for P=0.90 in Y=50 years exposure.

ovako izracunatih spektara na geografskim koordinata-
ma 44,78N, 17,21E za spektralne amplitude pseudo-re-
lativnih brzina elasticnog odgovora (T) za prigusnje od
5%, za vreme izlozenosti seizmickom dejstvu od Y = 50
godina i za verovatnoc¢u da ¢e spektralne amplitude biti
prevazidene, P od 1, 10, 50, 90 i 99%.

Slika 8 ilustruje ovakav spektar odgovora unifor-
mnog seizmi¢kog hazarda za spektralne amplitude pseu-
do-relativnih brzina elasticnog odgovora PSV(T). 1z spek-
tralne brzine odgovora, pseudo-relativne brzine PSV(T)
moze se izaCunati odgovarajuce spektralno ubrzanje
PSA(T), kao PSA (T) = 2#/T) PSV (T) (cm/s?). Na slici 9
prikazan je dijagram ovakvih pseudo-relativnih ubrzanja
(u jedinicama g = 9,81 m/s?). On pokazuje spektar odgo-
vora uniformnog seizmickog hazarda za 5% prigusenja,
vreme izlozenosti seizmickom dejstvu od Y = 50 godina
izal, 10,50, 90199% verovatnoce da ¢e izraCunate am-
plitude biti prevazidene barem jedanput.

Izbor vremena izloZenosti seizmic¢kom dejstvu od
Y = 50 godine uobicajen je, ali zavisi od toga za $ta se
primenjuje i mora se izabrati u skladu sa utvrdenim pro-
jektnim smernicama. Slika 10 ilustruje zavisnost spektra
odgovora uniformnog seizmickog hazarda za spektral-
ne amplitude pseudo-relativnih brzina odgovora PSV(T)
za prigusenje od 5% za vremena izlozenosti seizmickom
dejstvu od Y = 5, 10, 20, 50 i 100 godina i verovatno-
¢u da ¢e amplitude biti prevazidene barem jedanput od
50%. Spektralne amplitude se povecavaju za sve perio-
de sa produzenjem vremena izlozenosti seizmickom dej-
stvu.

Sa slika 7a do 7¢ uocava se da se spektar unifor-
mnog seizmiCkog hazarda amplituda pseudo-relativnih
brzina sporo menja sa rastojanjem. To je zbog toga §to
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Slika 7e. Geografske varijacije (izmedu 16,5°E i 18,0°E i
44,00°N i 45,50°N) spektra odgovora uniformnog seizmi-
¢kog hazarda pseudo-relativnih brzina (cm/s), za 12 perioda
T=04sdo 20s, za P= 099 u viemenu izlozenosti seizmi-
C¢kom dejstvu od 50 godina.

Figure 7e. Geographical variations (within 16.5°E to 18.0°E
and 44.00°N and 45.50°N) of UHS of PSV (cm/s), at 12 periods
T=0.4s to 2.0s, for P=0.99 in Y=50 years exposure.

ures have been calculated for the same s = 0 and §, = 1
everywhere. Had we included the actual site conditions,
these plots would have displayed considerably more var-
iations. For an illustration of how the site conditions con-
tribute to these variations over short distances the readers
can examine figures 15 and 16 in Trifunac (2010). How-
ever, the site conditions will dominate in the variations
of the UHS with geographic coordinates only when other
factors are relatively constant or change slowly.

As the oscillator period tends to zero, its stiffness
increases, and its relative deflections tend to zero. In the
limit the PSA amplitudes then tend to the peak ground ac-
celeration. This limit is almost approached for T =0.04 s,
and therefore the maps in Figs. 7a through e for T=0.04 s
also describe the spatial distribution of peak ground ac-
celerations. By multiplying the amplitudes shown in
these figures by ®,,,, = 6.28/0.04 one obtains the peak
ground acceleration in cm/s?, for exposure of 50 years,
and for probabilities of exceedance equal to 0.01, 0.10,
0.50, 0.90 and 0.99. Distribution of so computed peak
accelerations, or from the PSA amplitudes in Fig. 9, at
T=0.04 s, at 44.78°N and 17.21°E, for example, is illus-
trated in Fig. 11. There is obtained 0.07g, 0.11g, 0.23¢,
0.55g, and 1.20g for P = 0.99, 0.90, 0.50, 0.10, and 0.01
respectively, for exposure time of 50 years.

In many microzonation studies the seismic hazard
analysis is presented only in terms of peak ground accel-
eration, and hence for such studies the Figs. 7a through e
in this paper would be reduced only to one frame per fig-
ure, corresponding to T = 0.04 s, in the top left corners.
As already noted, when multiplied by ®,,,, = 6.28/0.04
these figures describe spatial variations of peak ground
acceleration in cm/s?, for exposure of 50 years, and for
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su sve spektralne amplitude na ovim slikama izracuna-
te svuda za isto s = 0 1S, = 1. Da su uzeti u obzir stvarni
geoloski uslovi i uslovi tla lokacije, ovi dijagrami bi po-
kazali znatno vece varijacije. Primere o tome kako geo-
loski uslovi lokacije doprinose ovim varijacijama na kra-
tkim rastojanjima citalac moze pogledati na slikama 15 i
16 u radu Trifunca (2010). Medutim, uslovi lokacije ¢e
dominantno uticati na varijacije spektra uniformnog se-
izmi¢kog hazarda u zavisnosti od geografskih koordina-
ta samo kada su drugi faktori relativno konstantni ili se
Sporo menjaju.

Kada period oscilacija tezi nuli, krutost se poveca-
va 1 relativna pomeranja oscilatora teze nuli. Na grani-
ci, maksimalne spektralne amplitude teze ka maksimal-
nom ubrzanju tla i gotovo se priblizavaju toj granici za
T = 0,04 s, te karte na slikama od 7a do 7e za T = 0,04
s takode opisuju prostornu rasprostranjenost maksimal-
nog ubrzanja tla. MnozZenjem amplituda prikazanih na
ovim slikama sa ,,, = 6,28/0,04, dobija se maksimal-
no ubrzanje tla u cm/s?, za vremene izlozenosti seizmi-
¢kom dejstvu od 50 godina i za verovatnocu da ¢e ampli-
tude biti prevazidene barem jednput od 0,01, 0,10, 0,50,
0,90 i 0,99. Na slici 11 prikazana su ovako izraunata
maksimalna ubrzanja tla ili izracunata iz, na primer, ma-
ksimalnih spektralnih amplituda na slici 9, za T = 0,04 s,
na geografskim koordinatama 44,78°N i 17,21°E. Dobi-
jase0,07g,0,11g,0,23g,0,55g 1 1,20g za P = 0,99, 0,90,
0,50, 0,101 0,01 za vremene izlozenosti seizmickom dej-
stvu od 50 godina.

U mnogim studijama mikrorejonizacije, analiza sei-
zmickog hazarda predstavljena je samo koris¢enjem ma-
ksimalnog ubrzanja tla, pa za takve studije, slike 7a do
7e u ovom radu bile bi svedene samo na jedan okvir po
slici, koji odgovara T = 0,04 s, u gornjim levim uglovi-
ma slika. Kao S$to je ve¢ napomenuto, kada se pomnoze
sa 0,5, = 6,28/0,04, ove slike opisuju prostorne varijaci-
je maksimalnog ubrzanja tla u cm/s?, za vreme izloZeno-
sti seizmickom dejstvu od 50 godina i za verovatnocu od
0,01, 0,10, 0,50, 0,90 i 0,99 da ¢e ampliude biti prevazi-
dene barem jedanput.

Efekti razlicitih geoloskih uslova lokacije

U ovom radu, ilustrovane su prostorne varijacije
spektra odgovora seizmickog hazarda pseudo-relativnih
brzina samo za s = 0 i §;, = 1. Za modifikaciju izracuna-
tih rezultata za druge lokalne geoloske uslove i uslove
tla, mogu da se koriste jednacina (20) i tabela 5 da bi se
promenile izraéunate spektralne amplitude spektra odgo-
vora uniformnog seizmickog hazarda. Slika 12 ilustruje
razlike u spektima odgovora uniformnog seizmickog ha-
zarda pseudo-apsolutnih ubrzanja za lokaciju koja se na-
lazi na geografskim koordinatama 44,78°N 1 17,21°E i za
sve kombinacije 5 i S, koje mogu da se koriste u jednaci-
ni Lee-a (1995). Moze se videti da razliciti uslovi loka-
cije mogu dovesti do znacajnih promena u spektralnim
amplitudama. Takode se moze videti da su te varijacije
najizrazenije za kratke periode, nasuprot onome $to smo
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probabilities of exceedance equal to 0.01, 0.10, 0.50,
0.90 and 0.99 respectively.

Effects of different site conditions

In this paper we illustrate the spatial variations of
UHS of PSV only for s = 0 and §, = 1. To modify the
computed results to any local site conditions Eqns. (20)
and Table 5 can be used to change the computed UHS
spectral amplitudes. Fig. 12 illustrates the differences in
UHS of PSA for a site at 44.78°N and 17.21°E and for all
combinations of s and S, which can be used with equa-
tions of Lee (1995). It can be seen that different site con-
ditions can lead to significant variations of spectral am-
plitudes. It can also be seen that these variations are most
pronounced in the short period range, in contrast to what
we have found for the strong motion data recorded in
California (Trifunac 1990D).

We have emphasized that the strong motion data
recoded in different tectonic regions should not be
mixed in the development of the empirical scaling
equations (Lee 1997), and that the only way to mini-
mize the uncertainties in the empirical scaling of strong
motion amplitudes is to work with strong motion da-
tabase recorded in well defined, well understood, and
corresponding tectonic regions. The data recorded in
different seismic regions does not differ only because
of the differences in regional procedures for determin-
ing the earthquake magnitude and intensity levels, but
also because of the differences in the physical nature of
amplitude attenuation with distance, and as mentioned
here (relative to the site effects in California) in terms
of the differences the local site conditions bring into the
recorded amplitudes.

Differences in Spectral Shapes

It has been shown by Trifunac (2010) that the UHS
can have very different shapes at sites with relatively
small separation distances. These differences can re-
sult from different competing factors, and come mainly
from the differences in the distances to the most active
earthquake sources, frequency of earthquake activity at
these sources, and from the local soil and geological
site conditions. When seismic hazard is calculated in
terms of only one scaling parameter, like peak ground
acceleration, and when the spectral amplitudes are de-
termined by a standard spectral shape, as is often done
in applications with earthquake design codes, all the
above mentioned factors, which contribute to the vari-
ation of the spectral amplitudes, are eliminated and the
resulting spectra do not represent the UHS. In such cas-
es, the actual UHS may be approximated only in the
high frequency range, for frequencies, which are close-
ly related to the peak ground acceleration. Consequent-
ly neither the UHS, nor the spectral shapes defined by
the earthquake resistant design codes can or should be
expected to agree with the spectral shapes of any spec-
tra of the recorded earthquakes. In general, it can be ex-
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Slika 8. Spektar odgovora uniformnog seizmickog hazarda am-
plituda pseudo-relativnih brzina, u cm/s, na 44,78°N i 17,21°E,

za 5% priguSenja, vreme izloZenosti seizmickom dejstvu od 50
godina (Y =50) iza P = 0.99, 0.90, 0,50, 0,10 0,01.

Figure 8. UHS of PSV amplitudes, in cm/s, at 44.78°N and
17.21°E, 5 percent damping, 50 years of exposure (Y=50), and
Sfor P=10.99, 0.90, 0.50, 0.10, and 0.01.

ustanovili za podatke silnog kretanja tla zapisane u Kali-
forniji (Trifunac, 1990b).

NaglasSeno je da podatke o zapisima silnog kretanju
tla koji su zapisani u razli¢itim tektonskim regionima ne
treba mesati pri izvodenju jednacina empirijskog skalira-
nja (Lee, 1997) i da se neizvesnosti u empirijskom skali-
ranju amplituda silnog kretanja tla mogu smanyjiti jedino
kada se radi sa bazom podataka o silnim kretanjima tla za
tektonske regione koji su dobro definisani, dobro istra-
zeni 1 za koje su ti podaci odgovarajudi. Podaci zapisani
u razli¢itim seizmickim regionima ne razlikuju se samo
zbog razlika u kori§¢enju regionalnih metoda za odre-
divanje nivoa magnituda i intenziteta zemljotresa, ve¢ i
zbog razlika u fiziCkoj prirodi atenuacije amplituda sa ra-
stojanjem i zbog, kao $to je ovde pomenuto (u odnosu na
efekte lokacija u Kaliforniji), razlika u lokalnim geolo-
Skim uslovima i uslovima tla.

Razlike u spektralnim oblicima

Trifunac (2010) je pokazao da spektar odgovora uni-
formnog seizmickog hazarda moze da ima veoma razlici-
te oblike na lokacijama sa relativno malim medusobnim
rastojanjem. Ove razlike mogu biti rezultat razlicitih fa-
ktora i dolaze uglavnom od razlika u rastojanjima od na-
jaktivnijih zarista zemljotresa, od razli¢itih frekvencija
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Slika 9. Poredenje spektra odgovora uniformnog seizmickog
hazarda pseudo-relativnih ubrzanja, u g, na 44,78°Ni 17,21°E,
za 5% prigusSenja, vreme izlozZenosti seizmickom dejstvu od 50
godina i verovatnocu da c¢e amplitude biti prevazidene barem
jedanput P = 0,99, 0,90, 0,50, 0,10 i 0,01, sa spektralnim am-
plitudama koje su izracunate iz zapisanih silnih kretanja tla na
lokaciji zgrade Borik-2 u Banja Luci za vreme zemljotresa sa
magnitudom od M = 5,4 koji se dogodio 13.08.1981.g. (Trifu-
nac i dr. 2007, 2010).

Figure 9. Comparison of UHS of PSA, in g's, at 44.78°N and
17.21°E, 5 percent damping, 50 years of exposure, and proba-
bilities of exceedance P =0.99. 0.90, 0.50, 0.10, and 0.01, with
PSA computed from the recorded strong ground motion at Bo-
rik-2 site in Banja Luka during the M=5.4 earthquake of 13 Au-
gust 1981 (Trifunac et al 2007).

pected that the spectra defined by the design codes will
be closer to the shapes of the spectra of selected record-
ed motions, because it is by some type of averaging of
the spectra of several recorded motions that the major-
ity of the design spectra have been determined. In con-
trast the UHS can have very different spectral shapes
because those are based on the distribution of the am-
plitudes of very large number of contributing earth-
quake motions.

The principles governing the performance based
design, and the guidelines for implementing those re-
quire precise and well-defined spectral shapes. Linear
and nonlinear responses of the same structure are as-
sociated with different equivalent periods of response
and for balanced design it is then necessary to have the
correctly defined probabilities of exceeding the cor-
responding spectral amplitudes. Since this can be ac-
complished only with accurately specified distribution
functions of response amplitudes, the UHS will provide
the needed tool for accomplishing those objectives.

Fig. 13 compares the Eurocode 8 spectra (Type 1
and 2), at ground types A and C with the motions re-
corded in the basement of Borik-2 building in Banja
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Slika 10. Spektar uniformnog seizmickog hazarda amplituda
pseudo-relativnih brzina, u cm/s, na lokaciji 44.78°N i 17.21°E.

za 5% priguSenja, vreme izloZenosti seizmickom dejstvu od 5,
10, 20, 501 100 godina i P = 0,50.

Figure 10. UHS of PSV amplitudes, in cm/s, at 44.78°N and
17.21°E. for 5 percent damping, 5, 10, 20, 50, and 100 years of
exposure, and P = 0.50.
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1-P
Slika 11. Maksimalno ubrzanje tla, a, /g (g = 9.81 m/s), na
44.78°N i 17.21°E, za vreme izloZenosti seizmickom dejstvu od
50 godina i verovatnocu da ampltude nece biti prevazidene, 1 —

P =001, 010, 050, 0,901 0,99 (prikazano malim krugovima).

Figure 11. Peak accelerations, a,, /g (g = 9.81 m/s), at 44.78°N
and 17.21°E. for 50 years of exposure, and probability of no ex-
ceedance 1 — P = 0.01, 0.10, 0.50, 0.90, and 0.99 (shown by
small circles).
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Luka, during a M=5.4 earthquake in 1981. By compar-
ing this figure with Fig. 9 it will be seen how differ-
ent are the spectral shapes of UHS and of the spectral
shapes recommended by Eurocode 8. It can also be seen
how different are the implied probabilities of exceeding
most of the spectral amplitudes. For periods longer than
about 0.1 s Fig. 9 suggests that the motions recorded at
Borik-2 site have the probability of being exceeded at
least once in 50 years of about 0.10. The peak acceler-
ation of the motions at the basement of Borik-2 build-
ing was near 0.28 g, which according to Fig. 11 would
be associated with probability of at least one exceed-
ance in 50 years near 0.38. Unfortunately we cannot
test those inferences by considering the recorded data,
because the length of the observation period (less than
15 years, starting in 1972) is too short to provide relia-
ble estimate.

5. CONCLUSIONS

The lessons learned and the general conclusions of
this work are similar to those we found for the micro-
zonation of the Los Angeles area in California (Lee and
Trifunac, 1987; Trifunac 2010). Those can be summa-
rized as follows:

1. The AT-UHS method can be used to construct
maps of Response and of Fourier spectral amplitudes

—TTTTTT T —TTTTTTT

44.78°N 17.21°E

PSA-g

0.01}

Period - s

Slika 12. Varijacije spektra uniformnog seizmickog hazarda pse-
udo-apsolutnih ubrzanja u jedinicama g, na 44.78°N i 17.21°E,
za razlicite geoloske uslove lokacije (s = 0 za segmente, s = 1
za srednje lokacije i s = 2 za lokacije na osnovnoj steni) i uslo-
ve tla (S, = 0 za“stenovite” lokacije i S; = I lokacije na krutom
tlu), za 5% prigusenja, vreme izlozenosti seizmickom dejstvu od
50 godine i P = 0,50. Puna linija za s= 01 S, = I odgovara slu-
Cajevima koji su ilustrovani na slikama od 7a do 7e.

Figure 12. Variations of UHS of PSA in g, at 44.78°N and
17.21°E, for different geologic (s = 0 for sediments, s = 1 for in-
termediate sites, and s = 2 for sites on the basement rocks), and
soil (S, = 0 for “rock” sites, and S, = 1 for stiff soil sites) site
conditions, for 5 percent damping, exposure of 50 years and P
= 0.50. The heavy line for s = 0 and S, = I corresponds to the
cases illustrated in Figs. 7a through e.
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Slika 13. Poredenje oblika spektra Evrokoda 8 (tipovi 1 i 2) na
tlu tipova A i C, sa spektrima kretanja tla zapisanih u podrumu

zgrade Borik-2 u Banjoj Luci, za vreme zemljotresa magnitude
M = 5,4 koji se dogodio 13.08.1981. godine.

Figure 13. Comparison of the shapes of Eurocode 8 spectra
(Type 1 and 2) at ground sites A and C, with spectra of the re-
corded motions in the basement of Borik-2 building in Banjoj
Luka, during M = 5.4 earthquake of 13 August 1981.

aktivnosti zemljotresa u tim zaristima i od razlika u uslo-
vima lokalnog tla i geoloskim uslovima lokacije. Kada
se sizmicki hazard izracunava pomocu samo jednog pa-
rametra skaliranja, kao $to je maksimalno ubrzanje tla i
kada se spektralne amplitude odreduju pomocu standar-
dnih spektralnih oblika, §to se ¢esto deSava kada se pri-
menjuju seimicki propisi, onda se svi gore pomenuti fa-
ktori koji doprinose varijacijama spektralnih amplituda
eliminiSu i rezultiraju¢i spektri ne predstavljaju spektar
odgovora uniformnog seizmickog hazarda. U takvim slu-
cajevima, stvarni spektar odgovora uniformnog seizmi-
¢kog hazarda moze da se aproksimira samo u dijapazo-
nu visokih frekvencija, za frekvencije koje su usko pove-
zane sa maksimalnim ubrzanjem tla. Stoga se ni spektri
odgovora uniformnog seizmi¢kog hazarda ni spektralni
oblici koji su definisani pomocu propisa za projektovanje
seizmicki otpornih konstrukcija ne slazu, niti treba oce-
kivati da odgovaraju spektralnim oblicima bilo kog spek-
tra zapisanih zemljotresa. Uglavnom se moze ocekivati
da ¢e spektri koji su definisani seizmic¢kim propisima biti
blizi oblicima spektara izabranih zapisanih kretanja tla,
jer je vecina projektnih spektara odredena pomocu neke
vrste uproS¢avanja spekatara nekoliko zapisanih kreta-
nja tla. Nasuprot tome, spektar odgovora uniformnog se-
izmic¢kog hazarda moze imati veoma razlicite spektralne
oblike, jer se zasniva na rasprostranjenosti amplituda ve-
likog broja kretanja tla usled dejstva zemljotresa.
Principi koji regulisu projektovanje, zasnovano na
o¢ekivanom ponasanju konstrukcije i smernice za njego-
vu primenu zahtevaju precizne i dobro definisane spek-
tralne oblike. Linearni i nelinearni odgovori nekih kon-
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with given constant probability of being exceeded, at
all frequencies of ground motion, and at least once in
Y years.

2. The method offers excellent means to account
simultaneously for all factors, which contribute to the
site-specific spectral amplitudes, and can combine in
a balanced way all variations of the regional sources
of seismicity. It is efficient and demonstrates well the
relative significance of different types and locations
of earthquake sources, of their maximum magnitudes,
their different epicentral distances, of different levels
of seismic source activity, and of the local geologic and
soil site conditions.

3. Even though the examples of UHS have been
presented only for geological site condition of s = 0 (al-
luvium), local soil classification of s, = 1 (stiff soil) and
v = 0 (horizontal ground motion) everywhere, the com-
puted UHS amplitudes can easily be modified to apply
for other site and soil conditions, by using table 5 and
Eqns. (20).

4. The results confirm that the spatial variabili-
ty of the UHS spectral shapes is considerable, so that
for correct implementation of the design principles in
modern earthquake design codes, and in particular for
implementation of the performance based design, the
shapes of the site specific elastic design spectra can-
not be taken to be the same (e.g. Type 1 and 2 spectral
shapes in Eurocode 8) even in the small seismically ac-
tive areas, and for sites separated by relatively small
distance.

5. To implement the No-collapse requirement
(e.g. P<0.10in Y = 50 yrs) and Damage-limitation re-
quirement (e.g. P <0.10 in Y = 10 yrs) in Eurocode 8,
for example, it is necessary to determine spectral ampli-
tudes at two different system periods, for two different
probabilities of exceedance and for two different ex-
posure time intervals. Since the shape of UHS chang-
es with P and Y, the required spectral amplitudes can-
not be evaluated via two hazard estimates of peak ac-
celeration and a fixed spectrum shape, like Type 1 or
Type 2 spectra in Eurocode 8, for example. The AT-
UHS method however provides the required spectral
amplitudes accurately and consistently.

6. For the development and implementation of
the rational and economically sound earthquake design
guidelines in urban areas it is necessary to reduce un-
certainties in the selection of the elastic spectral ampli-
tudes of strong earthquake ground motion, and to re-
quire that the design forces which have been adopted
for all buildings and structures have comparable levels
of accuracy and probabilities of exceedance. This can
be accomplished only by eliminating the uncertainties
caused by large fluctuations in the elastic spectral am-
plitudes, which result from hazard mapping based on
peak acceleration, and constant spectral shapes.
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strukcija povezani su sa razli¢itim periodama odgovora i
stoga je za izbalansirano projektovanje neophodno da po-
stoje tacno definisane verovatnoce prekorac¢enja odgova-
rajucih spektralnih amplituda. PoSto se ovo moze posti-
¢i samo pomocu tacno utvrdenih funkcija rasprostranje-
nosti amplituda odgovora, upravo procena spektra odgo-
vora uniformnog seizmickog hazarda predstavlja metodu
pomocu koje ¢e se to i postici.

Naslici 13, pokazano je poredenje spektara Evroko-
da 8 (tipovi 1 i 2) na tlu tipova A i C sa kretanjima tla za-
pisanim u podrumu zgrade Borik-2 u Banja Luci, za vre-
me zemljotresa sa magnitudom od M = 5,4 koji se do-
godio 1981. godine. Poredenjem ove slike sa slikom 9,
moze se videti koliko su spektralni oblici spektra odgo-
vora uniformnog seizmi¢kog hazarda razliciti od spek-
tralnih oblika koji se preporuc¢uju u Evrokodu 8. Tako-
de se moze videti koliko su razlicite verovatnoce da ¢e
spektralne amplitude biti prekoracene. Za periode duze
od oko 0,1 s, slika 9 nagovestava da kretanje tla zapisano
na lokaciji zgrade Borik-2 ima verovatnoc¢u od oko 0,10
da ¢e biti prekora¢eno barem jednom u 50 godina. Ma-
ksimalno ubrzanje kretanja tla u podrumu zgrade Borik-
2 bilo je 0,28 g, Sto se, prema slici 11, moze povezati sa
verovatno¢om od blizu 0,38 da ¢e barem jednom u 50 go-
dina ta vrednost biti prevazidena. Nazalost, ove rezulta-
te ne mozemo proveriti uzimajuéi u obzir zapisane poda-
tke, jer je period posmatranja (manje od 15 godina, po-
¢ev od 1972. godine) isuvise kratak da bi se izvrSila po-
uzdana procena.

5. ZAKLJUCCI

Saznanja i1 opsti zakljucci ovog rada sli¢ni su onima
koje smo upoznali kroz mikrorejonizaciju podrucja Los
Andelesa u Kaliforniji (Lee i Trifunac, 1987; Trifunac
2010) i mogu se ukratko izraziti kroz sledece tacke:

1. Metoda procene spektra odgovora uniformnog
seizmickog hazarda Andersona i Trifunaca moze da se
koristi za izradu karata seizmic¢kog odgovora i Furijeovih
spektralnih amplituda sa zadatom konstantnom verova-
tnoc¢om da ¢e svi zemljotresi, pri svim frekvencijama kre-
tanja tla, prevazici spektralne amplitude barem jednom u
periodu od Y godina.

2. Ova metoda predstavlja odlican nacin da se isto-
vremeno uzmu u obzir svi faktori koji doprinose odredi-
vanju spektralnih amplituda, specifiénih za datu lokaci-
ju i pomocu nje se mogu ukljuciti, na izbalansiran nacin,
sve varijacije regionalnih seizmickih zarista. Ova metoda
je efikasna i dobro pokazuje relativni znacaj razlicitih ti-
pova i lokacija ZariSta, njihovih maksimalnih magnituda
i njihovih razli¢itih epicentralnih rastojanja, razlicitih ni-
voa aktivnosti i lokalnih geoloskih uslova i uslova tla.

3. Tako su prikazani samo primeri spektra odgovora
uniformnog seizmickog hazarda za geoloske uslove lo-
kacije s = 0 (aluvijum), klasifikacije lokalnog tla s, = 1
(kruto tlo) i v = 0 (horizontalna kretanja tla), izracunate
amplitude spektra mogu lako da se modifikuju za prime-
nu na drugim lokacijama i uslovima tla pomocu tabele 5
i jednacine (20).
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4. Rezultati potvrduju da je prostorna promenljivost
spektralnih oblika spektra odgovora uniformnog seizmi-
ckog hazarda znatna, tako da se za tacnu primenu projek-
tnih principa iz savremenih seizmickih propisa, a naroci-
to za projektovanje zasnovano na o¢ekivanom ponasanju
konstrukcije, ne moze uzeti da su oblici elasticnog pro-
jektnog sprektra svuda isti (npr. tipovi 1 i 2 spektralnih
oblika u propisima Evrokoda 8) ¢ak ni u podru¢jima sa
slabom seizmickom aktivnos¢u i za lokacije koje se nala-
ze na relativno malim rastojanjima.

5. Za primenu, na primer, zahteva za spre¢avanje
rusenja (npr. P < 0,10 u Y = 50 g.) i zahteva za ograni-
cavanje Stete (npr. P < 0,10 u'Y = 10 g.) iz Evrokoda 8,
potrebno je odrediti spektralne amplitude za dve razli¢i-
te periode sistema, za dve razli¢ite verovatnoce pojavlji-
vanja zemljotresa i za dva razliita vremenska interva-
la izloZenosti seizmickom dejstvu. Posto se oblik spek-
tra odgovora uniformnog seizmickog hazarda menja sa
P 1Y, zahtevane spektralne amplitude ne mogu se proce-
niti preko dve procene seizmickog hazarda maksimalnog
ubrzanja tla i fiksnog oblika spektra, kao §to su, na pri-
mer, spektri tipa 1 ili tipa 2 u Evrokodu 8. Medutim, me-
toda procene spektra odgovora uniformnog seizmickog
hazarda daje potrebne spektralne amplitude tac¢no i do-
sledno.

6. Da bi se izradile i primenile smernice za racio-
nalno i ekonomicno projektovanje seizmicki otpornih
konstrukcija u urbanim podrucjima, potrebno je smanji-
ti neizvesnost pri izboru elasti¢nih spektralnih amplitu-
da silnih kretanja tla i zahtevati da projektne sile koje su
usvojene za sve zgrade i konstrukcije imaju odgovara-
jucu tacnost i verovatnoc¢u da ¢e biti prevazidene. Ovo
se moze posti¢i samo eliminisanjem neizvesnosti koje su
posledica velikih fluktuacija elasti¢nih spektralnih am-
plituda, koje rezultiraju iz izrade karata seizmickog ha-
zarda zasnovanog na maksimalnom ubrzanju tla i kon-
stantnim spektralnim oblicima.
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