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ABSTRACT

The conventional source-based method of probabilstismic-hazard assessment is considered diffiouconduct for regions
lacking adequate information on the source chariatitss, or with a paucity of recorded strong grdunotion data. Meanwhile, the
historic method is unreliable in estimating the drdzat low probability. This paper proposes a migh@pproach, derived from the
source-based method, yet does not require the atkaation of seismic sources. While the methodspeses the simplicity of the
historic method, it is extended to account for éaggents that have not been observed historidalty;der to improve the reliability of
hazard calculation at low probability. Moreoveryasite-specific and event-specific characteristltat influence ground motions,
such as site effects, and directivity can be inomaed in the early stage of the numerical proaedwhich is considered beneficial
for microzonation study. This paper demonstratesajbplication of this method for three cities inir@2h Iran, and India respectively,
in comparison with previous results computed bysetibased method.

REVIEW OF EXISTING PSHA METHODS

Cornell (1968)

The most commonly employed approach for probalalist
seismic-hazard assessmenPSHA is that developed
originally by Cornell (1968). This approach incorates the
influence of all potential sources of earthquakes sheir
corresponding activity rates. The concept of a qtesource
of earthquakes plays a very important role in thethodology.
A potential source of earthquakes, which can kbénform of

a point, a fault, or area, is a location where reiteiarthquakes
may occur. To describe a potential source of eaekes, one
must decide its form, size, boundary, and the aygtrates of
earthquakes of different magnitudes. Hence, thishoak is
fundamentally asource-basedpproach. As this approach is
considered difficult to conduct for regions lackiagequate
information on the source characteristics, or waithaucity of
recorded strong motion data, various alternativecgdures
have been developed.

McGuire (1993)

McGuire (1993) has proposed a so-caléstoric method,
which is based on historical earthquake events and does not
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involve characterization of sources. The major assumption
of this method is that future seismicity at a particulag sit
can be statistically represented by its seismic history. For
each historical earthquake, the probability distribution of
ground motion is estimated. By summing up the
distribution functions of all historical earthquakes, folénl

by dividing the whole function by the number of years of
the historical catalog, the annual rates at which different
levels of ground motion are exceeded can be obtained.
However, the major disadvantage of the historical method
is its unreliability at low probability, especially forvie
seismicity regions.

Frankel (1995)

Frankel (1995) has developed a method for the drisates
national seismic-hazard mapping program that ekieid the
need to characterize seismic sources as well. égioms far
from identified active faults, the probabilistic plitude
calculation was based on smoothed historical seigmiThe
uncertainties associated with the historical catasnch as the
location error, could be reduced by smoothing ttstotical
seismicity spatially to different length scales. wéver, the
choice of the correlation distanceassumed for the Gaussian
function in the smoothing process is highly subjegtand yet



to be justified. The spatially-smoothed historicaismicity
could be spread out if the assumed correlatiomEc is too
large, which could undoubtedly affect the preciswhthe
hazard calculation, especially at site-specifielev

Tsang and Chandler (2006)

This paper presents a midway approach, nameisgct
amplitude-basedDAB) approach (Tsang and Chandler, 2006),
derived from the source-based method, yet doegeatmitire
the characterization of seismic sources. While tinethod
possesses the simplicity of the historic methods gxtended
to account for large events that have not been robde
historically, in order to improve the reliabilityf chazard
calculation at low probability. Moreover, any s#ipecific and
event-specific characteristics that influence grbumotions,
such as non-linear site effects, and directivityn che
incorporated in the early stage of the numericalcedure,
which is considered beneficial for microzonatiomdst A
generic analytical (closed-form) solution has béenved to
avoid a lengthy integration process. Detailed dpson of
DAB approach has been given in the following sectidsing
the proposed DAB approach, seismic-hazard assessimen
three cities in China, Iran, and India, respecyivélas been
carried out (Sections 3-5).

DIRECT AMPLITUDE-BASED (DAB) APPROACH

Analytical Framework

The source-based approach can be analytically septed by
Equation (1) (Cornell, 1968; Reiter, 1990). Thesef$ of all

earthquakes of different sizes, occurring at défférlocations
within different earthquake sources and having otagi
probabilities of occurrence are integrated intingle seismic-

hazard curve that shows the probabilities of exeed
different levels of ground shaking at the site dgra specified
period of time, as follows:

Ng =M, =00
Plz>d=% 0 T
P[z > z|M,R]f,(M)f,(RdRdM (1)

where P[Z > Z] is the probability of ground shaking lev&l

exceedingz v, is the mean rate of occurrence of earthquakes

between threshold and maximum magnitudel &nd M)
being considered in theth source;P[Z >z|M ,R] is the
probability that the ground shaking levél of a given
earthquake with magnitudd and source-site (or epicentral)
distanceR will exceedz f (M) is the probability density

function PDF) of magnitude within theth source; f, (R) is

the PDF of source-site (or epicentral) distance, descglilre
spatial distribution between the various locatiavithin the
i-th source; andl is the number of sources being considered.
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The alternative method,direct amplitude-based(DAB)
approach, was developed based on the analyticatfrark of
the source-based approach, using the idea of cansidan
infinite number of sources,e. N, . « in Equation (1). In

effect, every finite point can be considered assaufce,”
assuming that there is no repetition of earthquadaurrence
at any individual point. The DAB approach can balgiically
represented by Equation (2) and details of thevd#on
process can be found in Tsang and Chandler (2006).

Plz>Z=N(a,,, )jf“ Plz>z|af(aa @

where f(A) is the PDF of the ground motion or spectral
response amplitude, which can be obtained by @iffésiting
the cumulative distribution functiorCOF), derived from the
amplitude-recurrence relationship. Details of thmephtude-
recurrence relationship are given in the followsggtion.Amin
and Anax are minimum and maximum median ground motion
or spectral response amplitudes, respectively, NM@d,.) is
the mean rate of the amplituda)(exceeding the minimum
value Qmin). The rationale of maximum median amplitude
Anmax Will be discussed in the following section as well

The steps involved in this approach are shown gn Ei It can
be seen that there is no need to characterize isesgnarces,
because all events that significantly affect ttie are included
in the analysis, without considering the spatiatriiution of
seismicity.

Amplitude-Recurrence Relationship

In the source-based approach, developing a magnitud
recurrence relationship, also known as the GutepnRérhter
relationship, is the pre-requisite, as its derixats thePDF of
magnitude f, (M) in Equation (1). In the DAB approach, a

similar recurrence relationship has been propogeasing the
ground-motion or spectral response amplitidas the subject
parameter. Such recurrence relationship is simitarthe
amplitude-recurrence  method developed by Milne and
Davenport (1969), which was based on counting tieual
number of exceedances of a specified acceleratiarsite.

However, it is likely that the earthquake catalag®d are
complete for different periods at different magdiu or

intensity levels, which is an important issue thas not been
explicitly considered in the historic method. Hengeound-

motion amplitudes of all historical earthquakegath catalog
(of certain magnitude range and period of time) dan
computed (refer Step 2 in Fig. 1), followed by natizing the

amplitude recurrence rates of each catalog to dheesperiod
of time (e.g., one year). Then, a single amplitte@irrence
relationship could be obtained by summing up thenadized

recurrence rates from all catalogs (refer StepREdgn1).

It has been proposed that a doubly truncated exiahe
recurrence relationship for the logarithm of the dmaa



amplitude (logo, A) should be employed, with the
consideration of maximumi{,,,) and minimum values\,.).

The maximum value/,) can be used to account for a large

event that has not been observed historically. ibeténg this
maximum median amplitudeAg,) would be similar to
performing deterministic seismic-hazard assessniEis is
also similar to the definition of the maximum magde for
each source in the source-based approach and tioeptoof
characteristic earthquake in Frankel's smoothednseity
approach. Hence, the full range of possible earkes that
could generate strong ground shaking at the site la
captured. This can then improve the reliabilitytted historical
method at low probability. Nevertheless, any sdé@dbrm of
recurrence relationship can be chosen, dependinhedata
collected, while no restriction has been impose@ihe

For the doubly truncated exponential recurrencatiggiship
for the logarithm of the ground motion or spectrasponse
amplitude, the number of events leading to the &uogs
A exceeding certain value is

A—b _ A—b
R e @

from which the CDF of the ground motion or spectral

response amplitude can be expressed as

AD -
F(A) ) A_rr?in _A_r:ax (4)

Further, thePDF can be obtained by differentiating tedF
with respect ta\.

()

b A—(b+1)
f (A) ) A_rrl?in _A_n:)ax

For theb—parameter, maximum likelihood estimation has been
adopted. Theb-parameter for each amplitude-recurrence

relationship may be obtained from

b= & (©)
A-A

min

where A is the mean or the expected valudof

Step 1: Earthquake Catalog
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Step 3: Amplitude Recurrence
Relationship
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Step 4: Seismic Hazard Curve
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Fig. 1. Steps involved in the direct amplitude-loh@@AB) approach of PSHA (Tsang and Chandler, 2006)
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Analytical (Closed-Form) Solution

The source-based approach, as shown in Equatignig1)
basically an integration process, with respectwo tmain
variables, namely magnitude and distance, whichmady
requires lengthy computation and is carried outni®ans of
computer programs. However, limitations on the usethe
attenuation relationships and the choices of ggitcasource
types may exist in the available computer prograwisich
may not be able to cover some complex cases. Qgati)
has provided closed-form solutions to avoid lengthy
computations. Owing to the same limitations, clefeth
solutions can only be provided for some simple sabet
have mainly been used to check the accuracy ofdhguter
programs.

In this section, a generic analytical solution bagn derived
for the DAB approach. As there is no specificatidrseismic
sources, and also, the ground motion amplitudes@rguted
before performing the integration, the integratiprocess
would be free from the aforementioned limitatiomkich can
give the closed-form solution its generic nature.

Moreover, for the source-based method to considatlimear
site effects (e.g. Tsai, 2000; Cramer, 2003), tiegration has
to be performed with respect to one additional akdg, the
bedrock ground motion, which would further increabe
number of integration steps, and hence computagiort.
However, in the proposed DAB approach, any eveatifio
and site-specific effect, including non-linear si#sponse, can
be incorporated at an earlier stage of the nunlgriceedures.
Hence, the generic analytical solution proposeeiharan still
be applied, without any modification. This formsignificant
additional advantage of the DAB approach, withgéneric
closed-form solution as shown as follows.

P[z>2]= % {ex;{m?zJ{D(u +m)- ﬂ
—exp(- mu)D(u)}Amax %

Amin

whereD(u) is theCDF,

N(A .
u:ik)gé : m:b—a and q:%
g z loge A=A

The credibility of the DAB approach has already rbee

demonstrated in Tsang and Chandler (2006), in wiiehk
ground velocity (PGV) has been adopted as the “dnaja”.

CASE STUDY: HONG KONG, CHINA
Hong Kong is situated in southeast China near thehs

eastern margin of the Eurasian Continental Plata Btable
continental intraplate region about 700 km from tlearest
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plate boundary, which underlies Taiwan and trenmghs to
the Philippines and northeast to Japan. AlthoughdgHkong

is located in a region of low-to-moderate seisngjcithe
possibility of a major earthquake in or near theittery cannot

be ruled out. The area of Dangan Islands, 30 krnthsast of
Hong Kong, was identified by the China Earthquake
Administration as a potential source of earthquadkkesp to
moment magnitude of 7.5 (Chaet al, 2004). However,
seismic design has yet to be specifically requinethe current
building design codes in Hong Kong.

Stochastic simulations of the seismological modaéth the
consideration of site-specific and event-specifiaracteristics,
were performed for each historical event surrougdifong
Kong. The limit of maximum source-site distance tbg
earthquake database was decided by considerirgpibmicity
pattern of the region surrounding Hong Kong. Seisaaitivity
rates are significantly higher at distances excegediO0 km
from Hong Kong, where large magnitude earthquakentsv
(M > 7) have occurred more frequently. As the groomadion
of an event withM = 7.5 andR = 1000 km is comparable to
that of an event with = 6 andR = 350 km, the limit for the
maximum source-site distance of earthquake evegikscted
has been set as 1500 km in this study. Also, th&nmim
magnitudes are taken & = 3.5 andM = 6, forR < 500 km
and R > 500 km, respectively. The regional average crustal
conditions have been employed, with details of theut
parameters contained in Chandé¢ml. (2005a; 2005b; 2006a;
2006b). On the other hand, to capture the rangpossible
large earthquakes, three independent studies haen b
employed (Chandler and Lam, 2002; OAP/BD, 2004;uGta
al., 2004) in defining the maximum median (PGV) anyulé.
The results based on the three scenarios have dxpeadly
weighted by a logic-tree approach to capture thistepic
uncertainty.

After obtaining the PGV-recurrence relation by Bipma (3),

the analytical solution (Equation (7)) has been leygd to
compute the probabilities of exceeding differenele of PGV,
and hence form a seismic-hazard curve. The standard
deviation di,grcvy employed in this study is 0.3, which is on a
higher side of the typical range of values colldagébally by
Douglas (2003). Also, this value is consistent witie
combined aleatory and epistemic standard deviatiived in
Campbell (2003) for the hybrid empirical attenuatielations

in eastern North America, which has also employed a
seismological modeling approach.

Figure 2 shows the seismic-hazard curves comp@iealrately

for the three proposals of maximum median amplisudee
return period is plotted against PGV, where themfar has
been computed by taking the reciprocal of the ahnua
probability of exceedance. The results for therreperiod up

to 2475 years are very similar, and significantidiéen can
only be observed at rather low probabilities, vattout 10%
difference in the hazard predictions at a returmioge of
10,000 years. In addition, the PSHA results frompfhaet al.
(2008), wusing the source-based approach, have been
superimposed in Fig. 2. The credibility of the DABproach



has been shown by the consistency of the resulks. full
potential of the proposed approach could be redlibg
applying it to soil sites for which the site-toesitariability is
more significant.

100000 T '

Based oM proposed b

w5 Chandler and Lam (20(
Based oM
Q 10000+ proposed by
? Trp = 2475 Years OAP/BD (2004)
H Base‘d‘ omM  proposex
.8 1000 I _| L by Chatet al, (2004 _
o Tre = 475Year
£ 10— —— g ===
&5 Trp =72 Years /
10 aiy |
1 10 100 1000
PGV (mm/s)

Fig. 2. Seismic-hazard curves showing the retumoge
(reciprocal of the annual probability of exceedanagainst
PGV for Hong Kong, China (Tsang and Chandler, 2006
three cited studies made alternative proposalsefdimating
maximum median PGV. The three solid circles arPBEIA
results from Pappin et al. (2008), using the sotlyased
approach.

In this study, peak ground acceleration (PGA) hagnb
selected as the “amplitude” for comparison betweiierent
cities. Figure 3 shows the doubly truncated PGAsnemce
relationship using Equation (3). The same threepeddent
studies have been employed for defining the maximum
median PGA. The seismic-hazard curves computedaeha

for the three proposals of maximum median ampliguldave
been shown in Fig. 4. The three solid circles & PSHA
results from Pappiret al. (2008), using the source-based
approach.

100 =
— 10 N oo
2 sed orM , propose
§ ) by Chauet al. (2004)
8 PobEiE
— Based orM,
8 0.1 proposed by
g OAP/BD (2004)
z A
0.01 e —
i Based orM, proposed by
¢ 1 Chandler and Lam (2002): '
0.001 — } —
0.001 0.01 0.1 1
Median PGA (9)

Fig. 3. PGA-recurrence relationship for Hong Kor@Zhina.
Three proposals have been made for estimating nuaim
median PGA.
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Fig. 4. Seismic-hazard curves showing the retumoge

against PGA for Hong Kong, China. The three soiidies

are the PSHA results from Pappin et al. (2008)ngshe
source-based approach.

CASE STUDY: TEHRAN, IRAN

The capital of Iran, Tehran city, has been selefdedhe case
study. Iran is situated at the Himalayan-Alpiedssgc belt
and is one of the high seismic zones in the wokidny
destructive earthquakes occurred in Iran in thet gaw
centuries. Tehran is a densely populated metr@potity with
more than 10 million habitants. It is also the fpodil and
economical center of Iran. Tehran has been desirdye
catastrophic earthquakes for at least six timethénrecorded
history.

Ghodrati Amiri et al. (2003) have conducted a PSHA for
Tehran using the source-based approach, with PGAock
sites as the ground motion parameter. An earthquatadog
that contains both historical (before 1900) andrumsental
events up to year 2002 has been adopted. Earthgjuake
occurred within a radius of 200 km from Tehran were
collected and processed. The calculations wereopaéed
based on the logic tree method using three grountom
prediction equations (GMPEs) for rock sites propods/
Ramazi (1999), Ambraseys and Bommer (1991), anth&ar
and Srbulov (1996), with weightings 0.4, 0.35, ab@5,
respectively. As the standard deviatiopgecs Of all three
GMPEs is close to 0.3, a single value of 0.3 ha@lopted
for all three GMPEs, which is the same as thathi Hong
Kong case study.

In order to make direct comparison with the restts
Ghodrati Amiriet al. (2003), the same earthquake catalog and
GMPEs have been adopted in this case study using DA
approach. For the maximum median PGA amplitude, two
proposals have been adopted. The first one wagllas¢he
maximum magnitude of 7.9 adopted in Tavakoli (19863
supported by Ghodrati Amiret al. (2003), in which the
estimate was 7.8 +/— 0.2 based on the statisticathoal



proposed by Kijko (2000). Another proposal was Hase the
earthquake generation capacity of the closest fauNorth
Tehran fault. Maximum magnitude of 7.0 was estimidtased

on the fault length, using the empirical formularided by
Nowroozi (1985). The source-site distance adoptedbbth
proposals is 7.0 km based on the closest surfastndie
between the city center of Tehran and the Northrarelfault.
The three GMPEs were also employed for computing
maximum median PGA.

Figure 5 shows the doubly truncated PGA-recurrence
relationship using Equation (3). The seismic-hazendves
computed separately for the two proposals of marimu
median PGA have been shown in Fig. 6. The hazdtsdor
return period 475 and 975 years calculated by Gliodmiri

et al. (2003) have also been superimposed onto Fig. 6.

100

(=Y
o

a Data

N (per 100 years)
|_\

0.1 :
M=7.9; R=7.0 km
- - M=7.0; R=7.0 kni
0.01 Do :1 :
0.001 0.01 0.1 1
Median PGA (g)

Fig. 5. PGA-recurrence relationship for Tehran, iralwo
proposals have been made for estimating maximunmmed

PGA.
10000
0
§ 1000
e
=)
o)
o
S 1004 i A R
z /i —M=7.9; R=7.0 km
o P ii- - M=7.0; R=7.0 km
10 : i i i @ Ghodrati Amiri et al. (2003)
0.01 0.1 1

PGA (9)

Fig. 6. Seismic-hazard curves showing the retumople
against PGA for Tehran, Iran. The two solid circke the
PSHA results from Ghodrati Amiri et al. (2003),ngthe

source-based approach.
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As observed in the Hong Kong case study (Fig. tdis seen
from Fig. 6 that the hazard values calculated udi?B
approach is lower than those calculated by thecssbased
method. This finding is consistent with that in 8airet al.
(2007) (refer Fig. 8 in Baramt al, (2007)), in which hazard
estimates, in terms of PGA values, computed bystherce-
based method are higher than those computed bypttelly
smoothed seismicity method (Frankel, 1995) thatsdoet
require source characterization either. A largecmipancy can
be seen at shorter return period (475 year), ashdmard
values at longer return periods are expected todgrolled
by the maximum magnitude (in source-based methad) o
maximum median (PGA) amplitude (in DAB approaclhg t
more consistent results towards longer return pesieem to
be reasonable.

For the large discrepancy at 475 years return gedgossible
reason is that in Ghodrati Amirgt al. (2003), uniform
seismicity (i.e. f (R) is a constant) was considered when

seismic source zones were characterized. Hencealistic
scenarios might have been considered in the hazard
calculation. This includes large magnitude eartkqu@ay,M

> 7.5) at very short distance (s&x 5 km) where no fault has
been identified. It would undoubtedly overestimgte hazard

of the study region. It is also a hidden problerthvtihe use of
source-based method if adequate attention has eet paid
when characterizing seismic sources. It is recont@érhat a
joint PDF of magnitude and distancd,(M , R) , should be

adopted for source-based method.

CASE STUDY: BANGALORE, INDIA

Seismic activity in India is clearly evident fromnamber of
recent earthquakes, which were concentrated aldmg t
boundaries of Indo-Australian Plate and EurasiaateRlas
well as within Indo-Australian Plate. In this castudy,
Bangalore, a city in southern India has been sedecSouth
India has been predominantly considered as a stable
continental region, however, numerous earthquakés o
magnitude of 6.0 occurred since the eighteenthucgrdand
some of which were disastrous.

Anbazhaganet al. (2009) have conducted a PSHA for
Bangalore using the source-based approach, with BGA
spectral acceleration on rock sites as the sulpgemeters.
Uniform hazard response spectrum has also beeweder\n
earthquake catalog that contains earthquake evientshe
period of 1807-2006 has been used. Analyses haee be
carried out for the region covering a radius of 3&0 with
Bangalore as the center. GMPE for rock site inRbainsular
India developed by Raghukanth (2005) has been uBesl.
standard deviatiofi,gpca 0f GMPE is 0.14.

In order to make direct comparison with the resptesented

in Anbazhagaret al. (2009), the same earthquake catalog and
GMPE have been adopted in this case study using DAB
approach. For the maximum median PGA amplitude, two



proposals have been adopted. The first one wag lms¢he
maximum observed magnitude of around 6.0 in thaelystu
region, while the second one was the “upper bowadlie of

6.5 (6.0 +/— 0.5), which was estimated using theimam
likelihood approach proposed by Kijko and Selled989).
The source-site distance adopted for both propd@sdls.0 km
based on the closest hypocentral distance betweercity
center of Bangalore and the closest fault — Mandya-
Channapatna-Bangalore fault (epicentral distanc&.®fkm;
focal depth of 15 km).

Figure 7 shows the doubly truncated PGA-recurrence
relationship using Equation (3). The seismic-hazendves
computed separately for the two proposals of marimu
median PGA have been shown in Fig. 8. The PSHAItresu
from Anbazhaganet al. (2009), using the source-based
approach, has also been superimposed onto Figsi8oam by

the solid rectangle.
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Fig. 7. PGA-recurrence relationship for Bangalohedia. Two
proposals have been made for estimating maximunmamed

PGA.
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Fig. 8. Seismic-hazard curves showing the retumoge
against PGA for Bangalore, India. The solid rectlnig the
PSHA result from Anbazhagan et al. (2009), usimgstburce-

based approach.
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The apparent discrepancy between the hazard values
calculated using source-based method and DAB apprcan
be attributed to the following reason:

After careful investigations on the earthquake loatait is
found that there are abnormally few data in theoget901—
1966, which is unusual for such a large region. déerit is
likely that the catalogue is incomplete in thisipdrof time.
Also, in the period 1997-2006, instrumental recdotssmall
magnitude earthquakes are lacking. Such incommsegemf
catalogue would lead to an underestimation of #isnsicity
rate, if appropriate treatment has not been applied
conducting PSHA. It is important to note that institase
study using DAB approach, all events in the aboestioned
two periods have been removed and have not betrdattin
the hazard calculation. The completeness critedligpted in
this study are as followsvl > 5 for periods 1800-1900 plus
1967-2006 (a total of 140 years) and 3M>> 3 for period
1967-1996 (30 years).

COMPARISON BETWEEN HONG KONG, TEHRAN, AND
BANGALORE

Figure 9 shows the doubly truncated PGA-recurrence
relationships of the three cities considered is ttase study.
The corresponding seismic-hazard curves have aksn b
shown in Fig. 10. In this section for comparisoitvzen the
three cities, Bangalore curves are based on theinmax
median PGA of the earthquake scenario Wit 6.0 andR =
16.0 km, Hong Kong curves are based on the combizmdts
from the three proposals of maximum median PGAgassl
with equal weightings, and the Tehran curves aseth@n the
maximum median PGA of the earthquake scenario Witk
7.9 andR = 7.0 km.

It is clear that the seismicity and seismic hazd#rtlong Kong
is the lowest among the three cities, as both t&A-P
recurrence relationship and the hazard curve cemsig show
lower values of PGA for the whole range of annuztivity

rate and all return periods.
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Fig. 9. PGA-recurrence relationships for Hong Korghran,
and Bangalore.
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Fig. 10. Seismic-hazard curves showing the retunogl
against PGA for Hong Kong, Tehran, and Bangalore.

Interesting results can be observed between Bamgalod

Tehran. From the PGA-recurrence relationships asvshin

Fig. 9, a much higher seismic activity rate carobeerved in
Bangalore at low shaking levels. The number of &vamund
Tehran that produced a PGA between 0.01g and 8.fmuch

smaller than that around Bangalore. This may béa@exd by

the extents of the area from which earthquake d=chiave
been complied in the catalogs used for this stlithg largest
source-site distance of earthquake events in theafiecatalog
is only 200 km, while that of Bangalore and Hongni§aare

respectively 350 km and over 500 km. The ratio ofaa
considered in Tehran study to Bangalore study wdeldL:3.

Although the seismicity of Tehran is expected toHigher,

such large ratio would undoubtedly lower the segsattivity

rate, especially for low-to-moderate shaking levelich

could be generated by distant earthquakes (withiceesite

distance greater than 200 km). However, a moreepthd
study is needed to verify this argument.

On the other hand, the GMPEs adopted for the thites
have been plotted in Fig. 11, and superimposed Atkinson

and Boore (2006) model for hard rock site conditioeastern
North America. It is observed that Tehran (weightetbdel
lies somewhere in between Bangalore and Hong Kondets
for M = 5. However, it is seen that the rate of increagh

magnitude of Tehran model is lower than those ef dther
three GMPEs, of which the rates of increase aréyfaimilar.

In other words, Tehran model predicts a lower PGAldrger
magnitude. As the seismicity of Tehran, as well its
maximum median amplitude estimates, relies very hmo
large magnitude events, the predicted low levelshaking for
large magnitude events reflected by the GMPE ofdmrimay
result in a lower hazard.

Nevertheless, a cross-over point can be seen atd?@#und
0.3g. The higher activity rate in Tehran at highlshg level is
considered reasonable, as earthquakes with largmitade
(M > 7.0) can occur at a short distance (say, witth km),
which would in turn result in a larger maximum neadi
amplitude that controls the *“tail” (truncated pat high
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shaking level) of the recurrence relationship. @& ¢ontrary,
earthquakes occur around Bangalore are considerée of
moderate magnitude (M < 6.0) and with distance tgrethan
15 km.
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Fig. 11. Ground-motion prediction equations (GMPES)
adopted for the three cities, superimposed witlinatn and
Boore (2006) model for hard rock site conditioreastern
North America.



A closer look at the “tails” (high shaking levelj both Figs. 9
and 10 reveal that the Bangalore and Tehran haaanes
tend to have a wider separation beyond the cross-pwint,
than that in the corresponding recurrence relatipss It can
be explained by the much lower standard deviatigjca) Of
Bangalore GMPE which has a value of 0.14, whilet thfa
Tehran GMPE is equal to 0.3. If the same value .8f\Was
adopted as the standard deviation of Bangalore GMBE
hazard predictions, in terms of PGA values, would b
increased by around 40% at return period of 72sye&(% at
475 years and 80% at 2475 years. Hence, the signtfi
influence of the standard deviation on hazard ¢af@n is
evidenced, especially at long return period.

SUMMARY AND CONCLUSIONS

1. The commonly-used methods of probabilistic seismic-
hazard assessment (PSHA) have been briefly reviesved
simpler and more direct method, namely, direct
amplitude-based (DAB) approach for conducting PSHA
has been introduced.

2. The advantages of the proposed approach inclufiét (i
does not require the characterization of seismiocas;
(i) while the method possesses the simplicity bé t
historic method, it is extended to account for éaeyents
that have not been observed historically, in orter
improve the reliability of hazard calculation atwlo
probability; (iii) any site-specific and event-sgfec
characteristics that influence ground motions can b
incorporated in the early stage of the numericatedure;
(iv) it does not require lengthy integration preces a
generic analytical (closed-form) solution has béerived.

3. Applications of the new method have been demorstrat
for three cities, namely, Hong Kong, China; Tehraan,
and Bangalore, India. The results computed by & n
method have been compared with previous results
computed by source-based method.

4. From the Tehran case study, it is revealed that the
assumption of uniform seismicity (i.€.(R) is a constant)

when characterizing seismic sources using sourseeba
method may lead to an overestimation of the hazEnis

is because some unrealistic scenarios, for instdaoge
magnitude earthquake (sal > 7.5) at very short
distance (say,R < 5 km) where no fault has been
identified, might have been considered in the hahzar
calculation.

5. The completeness of the earthquake catalog hassto b
carefully examined. If the catalog is incompletecartain
period of time and an appropriate treatment hashaen
applied when conducting PSHA, the seismicity wolokd
underestimated. This might be a reason for
discrepancy in the hazard calculation for Bangalore

the
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6. The extents of the area from which earthquake descor
have been complied in the catalogs may signifigantl
affect the accuracy of the hazard results. Althotigh
seismicity of Tehran is expected to be higher ttet of
Bangalore, the much smaller area of the catalogldvou
undoubtedly lower the seismic activity rate, esakgcifor
low-to-moderate shaking levels, which could be gates
by distant earthquakes.

7. Reliable prediction for ground motion or spectral
response by the ground-motion prediction equations
(GMPEs) is essential for a credible PSHA. The siathd
deviation dipgraay Of the GMPE would also significantly
influence the hazard results, especially at lontyurne
period.

8. Source-based method for PSHA is considered less

transparent particularly in the characterizatiorseismic

sources. It requires detailed information about the
seismotectonic settings and the geological comnuitiof

the study region, while subjective judgments aneallg

required in the process. The DAB approach propased

this paper provides an alternative method for cotidg

PSHA. It may also serve as a useful tool for cheglthe

credibility of the results obtained from other amtly-

used methods.

REFERENCE

Ambraseys, N.N. and J.J. Bommer [1991]. “The Attdion
of Ground Accelerations in Europe2arthquake Engrg. Struct.
Dyn, Vol. 20, No. 12, pp. 1179-1202.

Anbazhagan,
“Probabilistic Seismic Hazard Analysis for
Natural HazardsVol. 48, pp. 145-166.

P., J.S. Vinod and T.G. Sitharam [2009]
Bangalgr

Atkinson, G.M. and D.M. Boore [2006]. “Earthquakeo@nd-
Motion Prediction Equations for Eastern North Aroati Bull.
Seism. Soc. Apvol. 96, No. 6, pp. 2181-2205.

Barani, S., D. Spallarossa, P. Bazzurro and C. R@O7].
“Sensitivity Analysis of Seismic Hazard for Westdriguria
(North Western Italy): A First Attempt Towards the
Understanding and Quantification of Hazard Uncatidj
Tectonophysicsvol. 435, pp. 13-35.

Campbell, K.W. [2003]. “Prediction of Strong Groultbtion
Using the Hybrid Empirical Method and its Use ineth
Development of Ground-motion (Attenuation) Relasiom
Eastern North America’Bull. Seism. Soc. Am\Vol. 93, pp.
1012-1033.

Chandler, A.M. and N.T.K. Lam [2002]. “Scenario &iions
for Potential Near-field and Far-field Earthquaké&#ecting
Hong Kong”,Soil Dyn. Earthquake Engrgvol. 22, pp. 29-46.



Chandler, A.M., N.T.K. Lam and H.H. Tsang [2005&hear
Wave Velocity Modelling in Crustal Rock for Seisntitazard
Analysis”, Soil Dyn. Earthquake EngrgVol. 25, No. 2, pp.
167-185.

Chandler, AM., N.T.K. Lam, H.H. Tsang, M.N. Sheikh
[2005b]. “Estimation of Near-Surface AttenuationBedrock
for Analysis of Intraplate Seismic Hazard], Seism. and
Earthquake Engrg Vol. 7, No.3, pp. 159-173.

Chandler, AM., N.T.K. Lam and H.H. Tsang [2006a].
“Regional and Local Factors in Attenuation ModatirHong
Kong Case Study’]. Asian Earth Sci\Vol. 27, No.6, pp. 892-
906.

Chandler, A.M., N.T.K. Lam and H.H. Tsang [2006tNear-
surface Attenuation Modelling based on Rock Sheav&V
Velocity Profile”, Soil Dyn. Earthquake Engrgvol. 26, No.11,
pp. 1004-1014.

Chau, K.T., K.W. Lai, Y.L. Wong, R.H.C. Wong, L.XVang,
Y.W. Chan, W.T. Wong, Y.S.H. Guo and W. Zhu [2004].
“Three-dimensional Surface Cracking and Faultindpangan
Islands Area, South of Hong KondProc. Third Intern. Conf.
on Continental EarthquakeBeijing, China, 12—14 July 2004.

Cramer, C.H. [2003]. Site-specific Seismic-hazardaksis
that is Completely Probabilisti@ull. Seism. Soc. An\ol. 93,
pp. 1841-1846.

Cornell, C.A. [1968]. “Engineering Seismic Risk Aysis”,
Bull. Seism. Soc. Am\ol. 58, pp. 1583-1606.

Douglas, J. [2003]. “Earthquake Ground Motion Estiion
Using Strong-motion Records: A Review of Equatifmsthe
Estimation of Peak Ground Acceleration and Response
Spectral OrdinatesEarth-Sci. ReyMol. 61, pp. 43-104.

Frankel, A. [1995]. “Mapping Seismic Hazard in t@entral
and Eastern United StateSeism. Res. LettVol. 66, No. 4,
pp. 8-21.

Ghodrati Amiri, G.,, R. Motamed and H. Rabet Es-Hagh
[2003]. “Seismic Hazard Assessment of Metropolitahran,
Iran”, J. Earthquake Engrg\ol. 7, No. 3, pp. 347-372

Kijko, A., M.A. Sellevoll [1989]. “Estimation of Bshquake
Hazard Parameters from Incomplete Data Files. Part
Utilization of Extreme and Complete Catalogs wittifé&ent
Threshold Magnitudes”Bull. Seism. Soc. Am\Vol. 79, pp.
645-654

Kijko, A. [2000]. “Statistical Estimation of Maximm
Regional Earthquake Magnituden,,,’, Workshop of
Seismicity Modeling in Seismic Hazard Mapping, PEe]j
Slovenia, May 22-24.

Paper No. 6.07b

McGuire, R.K. [1993]. “Computations of Seismic Heta
Ann. Geofis.Vol. 36, pp. 181-200.

Milne, W.G. and A.G. Davenport [1969]. “Distributioof
Earthquake Risk in CanadaBull. Seism. Soc. Am\Vol. 59,
pp. 729-754.

Nowroozi, A. [1985]. “Empirical Relations between
Magnitude and Fault Parameters for Earthquakesant,|Bull.
Seism. Soc. Am\ol. 75, No.5, pp. 1327-1338.

OAP/BD [2004]. ‘The Seismic Effects on Buildings in Hong

Kong', Buildings Department, Government of the HKSAR,

Consultancy Agreement No. CAO K49, conducted by Ove
Arup and Partners (HK) Ltd.

Ordaz, M. [2004]. “Some Integrals Useful for Proltiatc
Seismic Hazard AnalysisBull. Seism. Soc. Amvol. 94, pp.
1510-1516.

Pappin, J.W., R.C.H. Koo, M.W. Free and H.H. Tsg2@p8].
“Seismic Hazard of Hong KongElectronic J. Struct. Engrg.
Vol. 8, pp. 42-56.

RaghuKanth, S.T.G. [2005].“Engineering Models for
Earthquake Sources” Ph.D. Thesis, Indian Institute of
Science, Bangalore, India

Ramazi, H.R. [1999]. “Attenuation Laws of Iranian
Earthquakes”, Proc. Third Intern. Conf. on Seism. and
Earthquake Engrg.Tehran, Iran, pp. 337-344.

Reiter, L. [1990]. Earthquake Hazard Analysis: Issues and
Insights”, Columbia University Press, New York.

Sarma, S.K. and M. Srbulov [1996]. “A Simplified Med for
Prediction of Kinematic Soil-foundation Interacti&ffects on
Peak Horizontal Acceleration of a Rigid Foundation”
Earthquake Engrg. Struct. Dyn/ol. 25, No.8, pp. 815-836.

Tavakoli, B. [1996].Major Seismotectonic Provinces of Iran
International Institute of Earthquake Engineeringid a
Seismology, Internal Document (in Persian).

Tsai, C.C.P. [2000]. “Probabilistic Seismic Hazakdalysis
Considering Nonlinear Site EffectBull. Seism. Soc. Am\ol.
90, pp. 66-72.

Tsang, H.H. and A.M. Chandler [2006]. “Site-Specifi
Probabilistic Seismic-Hazard Assessment: Direct Atongbe-
Based Approach”Bull. Seism. Soc. Amvol. 96, No.2, pp.
392-403.

10



	An alternative Method for Probabilistic Seismic-Hazard Assessment: A Case Study of Three Cities
	Recommended Citation
	Author

	An Alternative Method for Site-Specific Probabilistic Seismic-Hazard Assessment:  A Case Study of Three Cities  

