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1. INTRODUCTION

The Indonesian archipelago is located at the 
boundary of three major tectonic plates, the Indo-
Australian, Pacific, and Eurasian plates, stretching 
from Sumatra in the west to Papua in the east (Fig.1). 
Indonesia is at the collision point of these three crust-
al plates. The high subduction-related seismicity in 
this region means that tsunami and other earthquake 
hazards are also high. Indonesia has approximately 
17,504 islands, with a total land area of 1.92×106 km2 
and a sea area of 3.26×106 km2. It has experienced a 

large number of earthquakes in the past. According 
to catalogued events, the number of earthquakes that 
have occurred in this region exceeds 48,000 with a 
magnitude greater than 4.0 from AD 1779 to 2010.

Most of the major historical earthquakes in Indo-
nesia have caused significant damage to facilities (e.g., 
Utsu et al., 1992; Fauzi et al., 1999; EERI, 2010). 
Many large earthquakes have occurred in the shallow 
seas of the area that can produce massive tsunami like 
the 2004 Banda Aceh event. This earthquake off the 
coast of Sumatra resulted in hundreds of thousands 
of deaths and a million people homeless (Ghobarah. 
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A  et al., 2006). The most recent one is the Mentawai 
tsunami that occurred on October 25, 2010.

When Indonesian region clustered into two re-
gions, the west cover Sumatera, Kalimantan and Java, 
on the other hand the east covers Bali, Flores, Timor, 
Ambon, Sulawesi and Papua.

In western Indonesia (i,e. Java and Sumatra), 
Sumatra subduction zone is formed by the subduction 
of the Indian-Australian plate beneath the Eurasian 
plate at a rate of about 50 to 70 mm per year and this 
is the main source of subduction-related seismic-
ity (Prawirodirjo et al., 2000). Based on our catalog, 
several giant earthquakes occurred in this region: 
1779 (Mw8.4), 1833 (Mw9.2), 1861 (Mw8.3), 2004 
(Mw9.2), 2007 (Mw7.9 and 8.4) and 2009 (Mw7.6). 
Although the source of the 2009 Padang earthquake 
on September 30 located in the ocean slab of the 
Indian-Australian plate at (-0.81S, 99.65E) and its 
depth of 80km. It produced a large shaking and severe 
damage to houses and building in Padang and Padang 
Pariaman, because its epicenter was about 60km off-
shore from Padang. As the Padang earthquake was 
an intra-slab earthquake at intermediate depth with 
comparable magnitude, the event did not generate 
a tsunami of significance (EERI. 2010). Due to this 
earthquake, about 1,117 people were killed, 1,214 se-
verely injured, 1,688 slightly injured, and 3 missing. 
Damage to houses is about 114,797 heavily, 67,198 
moderate and 67,837 slightly.  About 4,000 buildings 
and 93 schools in Padang city were sustained dam-
aged (Report, BNPB. 2009). This event occurred just 
a few minutes after office and school hour, but if it 
struck earlier time, the higher number of causalities 
would definitely occur resulted by buildings collapse.

The oblique convergence also results in lateral 
displacement along the Sumatera fault (Peterson et 
al., 2004). This fault also generates large destructive 
earthquakes such as in 1892 (Mw7.1), 1943 (Mw7.6) 
and 2007 (Mw6.4). These faults are capable of gen-
erating future strong ground motion that would affect 
to vulnerable structures. According to our catalogs, 
the Sumatera fault produces a very high annual rate 
of earthquakes and many of the major earthquakes 
occurred in shallow region under the Sumatra Island 
(Fig. 2).

In eastern Indonesia that covers Bali, Flores, 
Timor, Ambon, Sulawesi and Papua, three major tec-
tonic plates (Indian-Australian, Pacific, and Eurasian 

plates) interact each other. The Pacific plate subducts 
beneath the Eurasian plate with a rate of about 100-
110mm per year at eastern Papua island (Hall et al., 
2000). Subduction of Indian lithosphere beneath the 
Banda sea and the northern Australia plate boundary 
is a complex- and active-deforming region which has 
one of the fastest relative plate motions on the Earth 
(Hall et al., 2000). Based primarily on the tsunami re-
cords from 1608 to 2010 (Major et al. 2008), the east-
ern Indonesia experienced over 30 significant earth-
quake events such as 1938 (Mw8.5), 1976 (Mw7.1), 
1992 (Mw7.8), 1996 (Mw8.1), 2006 (Mw7.1), 2008 
(Mw7.5), 2009 (Mw7.6) and 35 tsunamis.

Probabilistic Seismic Hazard Analysis (PSHA) 
aims to quantify the uncertainties and produces an ex-
plicit description of the distribution of future shaking 
that may occur at a site (Baker, 2008).  We consider 
all possible earthquake events and estimate ground 
motion along with their associated probabilities of oc-
currence in order to assess design ground motion for 
structure. The annual probability of exceedance is de-
termined for some level of earthquake shaking at site. 
In this study,

We consider the earthquakes of which magni-
tudes are larger than 4.0 in moment magnitude scale, 
and adopt an areal model to determine source because 
earthquake events may occur anywhere in the region 
(see Fig.2). For accelerometer records observed, we 
compared several existing attenuation equations and 
selected a suitable one for Indonesia. In addition, we 
calculated the seismic hazard for peak ground accel-
eration (PGA) with 10% probabilities of exceedance 
in 50 years and proposed design spectra at several 
sites.

2. PROBABILISTIC SEISMIC HAZARD ANALYSIS

2.1 Earthquake catalog
Estimation of future seismicity is based on the 

rate of past earthquake determined from earthquake 
catalog. In this study, we compiled a new catalog of 
instrumentally recorded by combining several sources 
such as USGS catalog, ISC catalog (various bulletin 
of the International Seismological), Indonesian mete-
orology agency (BMG) and Tsunami catalog and zone 
in Indonesia (Hamzah et al. 2000). The new catalog 
is constructed by omitting overlap data of each source 
catalog. Since the earthquake data have been reported 
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in different magnitude and intensity scale by the 
source catalogs, all data converted to moment magni-
tude (Hank et al. 1979). Here we are interested in all 
earthquake sources that have a potential to produce 
damaging ground motions at the site. These sources 
could be active faults and subductions, which are 
typically planar surface indentified through various 
means such as observation of past earthquake location 
and geological evidence. If individual faults are not 
identifiable then earthquake sources may be described 
by an areal region in which earthquakes may occur 
anywhere (Baker, 2008). In Indonesia, there are still 

remains much uncertainty in active fault parameters, 
therefore, we adopt an area source model that can be 
determined only from historical earthquake data.

2.2 Source Zones and Recent Damage
In this study, we determine the earthquake 

sources described by the areal region in which earth-
quake occurred within radius 75 km from a target 
site. Main part of Indonesian island locates 95.0E to 
145.0E in longitude and -9.0S to 6.0N in latitude as 
shown in Fig.3. The area divided into 1,400 meshes 
and frequency-magnitude relationship was calculated. 

Philippine Plate 

Indo-Australian Plate 

Malaysia 

Singapore Malaysia 
Pacific plate 

Legend:  
   0 -100km 
   100-300km
   >300km

Fig. 1 Tectonic and plate boundaries, large arrows indicate the direction of plate motion

Fig. 2   Seismicity map of Indonesia region, Mw>4. Data from USGS, ISC, Hamzah & Puspito, BMKG, the pe-
riod 1779 - 2010 
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Probabilistic seismic hazard analysis carried out to es-
timate seismicity at the site. Firstly, hazard curves for 
Padang city and Banda Aceh city were calculated and 
compared because these cities have many experiences 
of giant earthquakes that produced high number of 
causalities and destroyed many infrastructures in the 
previous years.

The city of Padang, located on the west coast of 
Sumatra in western Indonesia, lies close to the Suma-
tran subduction zone that is formed by the subduction 
of the Indo-Australian Plate beneath the Eurasian 
Plate. Relative motion of the plates occurs at a rate of 
about 50 to 70 mm/year and this is the main source of 
subduction-related seismicity in the area (Prawirodirjo 
et al., 2000), and the  Sunda trench fault. Each fault 
is still active until now with the slip rate ranges from 
10 to 27 mm/year (Natawidjaja et al., 2007). The city 
of Padang , with a population of 856,814 people as 
of 2008, is the capital of West Sumatra province. The 
location of the city center is at 100.38°E, 0.95°S. The 
population density is very high, about 8500 people/
km2. About 80% of population lives in seaside (Padang 
city government, 2009).

According to our catalog, about 2,995 events 
occurred in this region during the period from 1779 
to 2010 (Fig. 4). Many giant earthquakes such as in 
1779 (Mw8.4), 1833 (Mw9.2), 1861 (Mw 8.3), two 
times in 2007 (Mw7.9 and 8.4), the recent Padang 
earthquake on September 30, 2009 (Mw7.6) and the 
latest Mentawai earthquake on October 25, 2010 

(Mw7.2) are included. The recent 2010 Mentawai 
earthquake, that produced tsunami damage, caused 
about 490 people dead and about 520 houses severely 
damage (Padang City Government. 2010).

On the other hand, Banda Aceh city is the capital 
of Aceh province. The population is approximately 
260,000 as of 2006 and locates at (95.3E, 5.5N). 
Same as Padang, Banda Aceh situates on the coast of 
the Indian Ocean. According to historical earthquake 
catalog, about 1,839 events occurred in this region 
during the period from 1779 to 2010 (Fig. 5). Large 
earthquakes occurred in 1936 (Mw7.1), 1967 (Mw6.1), 
1983 (Mw6.6), 1990 (Mw6.8) and December 26, 2004 
(Mw9.3). When the 2004 Indian Ocean earthquake 
struck off the western coast of Sumatra, Aceh province 
including the cities of Banda Aceh, Calang and Mau-
laboh, were among hardest-hit areas by the tsunami. 
Banda Aceh city was the major closest city to the 
earthquake epicenter, and suffered destructive dam-
age when the tsunami struck shortly afterwards. About 
167,000 people died and more were injured. Tsunami 
resulted from an earthquake with moment magnitude 
9.3 and struck at about 6:58 am. The epicenter was 
about 155 mile off the coast of Banda Aceh. Massive 
tsunami wave wiped out entire coastal areas across 
southeastern Asia, Sri Lanka, India, Thailand, Myan-
mar, island in the Andaman Sea and the Maldives in 
the Indian Ocean. The death toll thus has been reported 
as 260,000 and more than 1.5 million people became 
homeless around this region (Ghobarah  et al. 2006).

Fig 3 Indonesia area analyzed and two red circles are two samples of source zone with 145° 

145° 95° 

95° 

 6° 6° 

-10° -10° 

Fig. 3   Indonesia area analyzed and two red circles are two samples of source zone with 75 km radius for Padang 
city and Band Aceh
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2.3 Identify Earthquake Magnitudes
Subduction and faults are capable of producing 

earthquakes with various sizes of magnitudes. The 
distribution of these earthquake sizes in region gener-
ally follows a particular distribution (Gutenberg et al. 
1944) given as

(1)

where γm  is the mean annual rate of exceeding of mag-
nitude m, a and b parameter are generally obtained by 
regression on database of seismicity from the source 
zone of interest. The a value indicates the overall rate 
of earthquake in a region, and the b value describe the 
relative likelihood of large and small earthquake. It 
is obvious that smaller earthquake events occur more 
frequently than the larger ones, and hence the recur-
rence rates of smaller earthquake can be evaluated 
even from the most recent data of the last 15-20 years. 
On the other hand, for larger events have to consider a 

much longer time frame, such as about 100 years. It is 
essential to identify the interval of complete recording 
for different magnitude ranges. To minimize the ef-
fects of incompleteness, an empirical and statistically 
simple method by Stepp (1972) was adopted.

The compute a cumulative distribution function 
(CDF) for the magnitudes of earthquake that larger 
than some minimum magnitude mmin, Eq. (1) can be 
also utilized. There generally is a limit on the upper 
bound of earthquake magnitude in a region, due to 
the finite size of the source faults (Baker. 2008). If a 
maximum magnitude can be determined as

(2)

where FM (m) is the cumulative distribution function 
for M.  The probability density function (PDF) for M 
can be computed by taking the derivative of the CDF.

(3)

where fM (m) is the probability density function for 
M, mmax is a maximum magnitude earthquake from 
source. From the continuous distribution of magni-
tude, it will be converted into a discrete set of magni-
tude as follows.

(4)

where mj < mj+1, and  mj are the discrete set of mag-
nitude. Here we calculated the probability associated 
with all magnitude between mj and mj +1, mj   started 
from magnitude 4 to maximum magnitude in our his-
torical data and mj+1 is at interval of 0.25.

3. GROUND MOTION INTENSITY

Ground intensities are referred to attenuation 
equation or ground motion prediction. The ground 
motion prediction models are obtained by developing 
statistical regression on observation data from large 
libraries of observed ground motion intensities (Baker. 
2008).

In Padang, there are four accelerometers, three 
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Legend:  
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   100-300km 
  >300km

Legend:  
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   100-300km
  >300km

Fig. 4   Seismicity map of Padang city, Mw>4, the 
period from 1779 to 2010

Fig. 5   Seismicity map of Banda Aceh, Mw>4, the 
period from 1779 to 2010
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accelerometers were donated by the Engineer without 
Border, Japan (EWBJ) and the other was installed by 
Indonesian Government (Fig. 6).

We also carried out microtremor array investiga-
tion at each station PDG001, PDG002 and PDG003 to 
determine the soil condition of subsurface structures 
(Ono et al. 2010). From the dispersion curve of array 
observation, we obtained the following results of Vs30 
(average shear wave velocity of upper 30m soil pro-
file): The value at PDG001 is 1323m/sec (1st layer of 
3m thickness is 163m/sec, 2nd layer of 8m thickness 
is 409m/sec and 3rd layer of 19m thickness is 1891m/
sec) and at PDG002 is 470m/sec (1st layer of 2m 
thickness is 135m/sec, 2nd layer of 10m thickness is 
468m/sec and 3rd layer of 18m thickness is 508m/sec). 
By considering the these results, the soil condition at 
PD001 and PDG002 are corresponding to the hard 
soil of which 30m-averaged shear velocity (Vs30) are 
greater than 400m/s (Tselentis et al. 2008). Therefore, 
we assume that the soil type at stations of PDG001 
and PDG002 is engineering bedrock with the shear 
wave velocity of 400<Vs30<700m/s. We surveyed 
several attenuation relationships based on physical 
characteristics such as an earthquake source, seismo-
tectonic environment and the saturation of accelera-
tion amplitude in a near-source region of which extent 
depends on the size of the earthquake.

Taking into account above characteristic, three 
attenuation equations by Fukushima et al. (1999), 
Young et al. (1997) and Megawati et al. (2005) were 
selected. The conditions of data used for attenuation 
equations for 1) Fukushima et al., 2) Young et al., and 
3) Megawati et al., are: 1) The earthquake sources is 
subduction interface, Mw>5.0 with a shortest distance 

of 10-300km, the soil condition are rock and soil site, 
2) The earthquake sources is subduction interface, 
Mw>5.0 with a hypocenter distance of 10-500km, the 
soil conditions are rock and soil site. 3) The earth-
quake sources is subduction interface, all sources data 
is from Sumatran earthquakes, Indonesia, Mw>5.0 
with an epicentral of 150-1500 km, the soil condition 
is rock site.

They are compared with peak ground accelera-
tion observed at 2 stations in Padang (Figs. 7 and 8). 
As no attenuation equation is currently exist in Indo-
nesia, a suitable attenuation equation for Indonesia is 
determined.

Peak ground accelerations plotted are the data for 
earthquakes occurred in 2009 (Mw4.3 and Mw6.1).

From the comparison, we adopted Fukushima’s 
attenuation as an appropriate equation and applied to 
seismic hazard analysis.
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Fig. 6 Accelerometer in Padang city

Fig. 7   Comparison of attenuation relation for sub-
duction zone and rock  condition, Mw=4.3

Fig. 8   Comparison of attenuation relation for sub-
duction zone and rock  condition, Mw=6.1



65

SEISMIC HAZARD ANALYSIS FOR INDONESIA

(5)

in which A is peak ground acceleration; Mw is mo-
ment magnitude; R is close distance to epicenter; and 
σ is standard deviation and its value is 0.21. Accord-
ing to Fukushima’s formulation, when the peak hori-
zontal accelerations at the site for rock and soft soil 
condition are estimated, the value derived from Eq. (5) 
have to be multiplied by 0.60 and 1.4, respectively.

The logarithm of PGA  assumed to obey normally 
distributed to compute the probability of exceeding any 
PGA level by using the mean and standard deviation.

(6)

in which Φ(*) is the cumulative distribution function. 
Eq. (6) is used to compute the cumulative distribution 
function P(PGA>x|m,r,), m, r, and x are magnitude, 
distance and acceleration respectively.

Eq. (6) can be also expressed by using the prob-
ability density function as follows

(7)

where fPGA (u) is the probability density function of 
PGA, given m and r.

.
4. SEISMIC HAZARD CURVE

Seismic hazard curve describes the aggregate 
hazard at a particular site. The seismic hazard H (A) 
is defined as the annual occurrence rate of earthquake 
that produce a ground motion exceeding a given level 
at a specific site, base on Cornel et al. (1968) and Mc-
Guire et al. (1976). The overall hazard is composed 
of the respective contribution Hi (A) from each source 
zones, i, out of the set of zone I as shown in Eq. (8). 
The range of possible Mi and Ri have been discretized 
into nM and nR interval, respectively, by using the dis-
cretization technique.

(8)

where λ (IM >x) is the annual earthquake occurrence 
rate of which peak value exceeds a given level, x; 
λ (Mi >mmin) is the rate of earthquake with magnitude 
greater than m, P (IM >x|mj, rk) is the  probability of 
occurrence of the associated magnitude and distance; 
P (Mi =mj) is the probability associated with all mag-
nitude between mj and mj +1 to the discrete value mj; 
P (Rj =rk) is the probability of occurrence of the as-
sociated distance.   Following above procedures, the 
seismic hazards for Padang city and Banda Aceh city 
are estimated (Fig. 9). The tendency of the curve is 
almost same because both cities locate under the same 
environment of seismic activities along the Sumatra 
subduction zone and the Sumatra fault (zone 7). The 
expected acceleration for annual rates of exceedance, 
0.002 (475 years) is 0.73g and 0.70g, respectively.

One of the advantages of probabilistic seismic 
hazard analysis is that we can account for all possible 
earthquake source in area. A disadvantage of PSHA 
is that concept of design earthquake is lost.  Which 
earthquake scenario is most likely to cause PGA>x?. 
Various researchers (Mcguire 1995, Chapman 1995, 
Harmsen et al., 1999 and Harmsen et al., 2001) have 
developed a model for deaggregation of hazard, cal-
culated means and modal magnitude and distance. 
The mean rate of exceedence is corresponding to 
particular value of response acceleration at specified 
probability of exceedences specified period at year 
(e.g. 10% in 50 years) is a sum of all contribution of 
mean rate  of exceedences from various magnitudes 
and distances.

In Figs.10 and 11 shown the deaggregation re-
sults of peak ground accelerations for PGA >0.2g with 
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10% probability of exceedance in 50 years for Padang 
city and Banda Aceh. Seismic hazard at Padang city 
(Fig.10) has the most marked magnitudes Mw5.0 with 
0-45km distance, and larger magnitude (Mw7.25-8.0) 
are relatively higher contribution compared with seis-
mic hazard for Banda Aceh (Fig.11). Seismic hazard 
at Banda Aceh (Fig.11), the most frequent magnitudes 
are Mw.5.0-5.25 with 0-45km distance, and larger 
magnitudes (Mw7.25-8.0) are relatively lower contri-
bution compare with seismic hazard for Padang city.

By doing the same procedure for seismic hazard 

analysis as mentioned at above, we determined seis-
mic hazard map for all Indonesian regions, which the 
peak ground accelerations at 10% probability of ex-
ceedance in 50 years shown in Fig. 12 and the ranges 
of acceleration in the legend are the same as those in 
Fig.13, that shows hazard map of Indonesia.

We compared our result with existing hazard 
map of Indonesia in 2002 (Fig. 13) for bedrock con-
dition. In Fig.13, the area is classified into zones for 
hazard, each zone determined from ground peak ac-
celeration.
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Fig. 10   Deaggregation of peak ground acceleration 
for PGA >0.2g, 10% probability of exceed-
ance in 50 years for Padang city.

Fig. 11   Deaggregation of peak ground acceleration 
for PGA >0.2g, 10% probability of exceed-
ance in 50 years for Banda Aceh city.

Legend : 
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Fig. 12   Result, the seismic hazard map of Indonesia for return period 475 years, for engineering bedrock condi-
tion.
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From the comparison of existing hazard map and 
proposed one, we obtained the value of acceleration 
at 10% in 50 years for propose one is increase 25% 
through 100%   at every site. The differences of the 
values might be mainly caused by the number of data 
collected, in which many earthquakes with magnitude 
greater than 6 occurred after 2002 are included. The 
other reasons come from the difference of attenuation 
equation (Chapter 3) and the difference of definition 
for bedrock. In Indonesia code, it is defined as the 
layer of Vs>750m/sec, however, this paper defined it 
as average shear wave velocity of upper 30m soil pro-
file Vs>400m/sec.

5. DESIGN RESPONSE SPECTRUM

From probabilistic seismic analysis, we apply the 
obtained results to propose design response spectra. It 
becomes a useful tool for earthquake-resistant design 
and geotechnical response analysis. The response 
spectrum can also be used to represent seismic load-
ing for the static and dynamic analysis of structure.

In this study, we adopt Indonesian code (SNI 
2002) to determine the design response spectrum. The 
conditions of data used for Standar Nasional Indonesi 
(SNI2002) are  Mw>5.0 with a shortest distance of 
0-300km, the soil condition are rock  and 10% prob-

ability of exceedance in 50 years.
According to SNI in chapter 4.7.6, the maximum ac-
celeration response is calculated as follows;

(9)

in which A0 is the maximum earthquake ground mo-
tion considered, which is defined with uniform likeli-
hood of exceedance of 10% in 50 years (approximate 
return period of 475 years). The schematic diagram is 
shown in Fig. 14. The value, 2.5 is amplification fac-
tors for 5% damping (Newmark et al. 1978). Period-
related parameters, T0 and Tc, are determined as fol-
lows; T0 =0.2 sec and Tc =0.5, 0.6, 1.0 sec for rock, 
medium (stiff soil) and soft soil (SNI. 2002), respec-
tively. Earthquake response factor, (C ) is calculated 
as follows

(10)

(11)

(12)

                          for   

                           for    

                           

Legend : 
Zone  
1    0.03g  4    0.20g 
2    0.10g  5    0.25g 
3    0.15g  6    0.30g   

Fig. 13 Copy of the seismic hazard map of Indonesia for return period 475 years, for bedrock condition
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Based on our analysis, we propose new response 
spectra for Jakarta (the capital of Indonesia), Banda 
Aceh city and Padang city. The results shown in Figs. 
15 and 16.

Because Banda Aceh city and Padang city locate 
at the same zone 7, in other to, the purpose of design 
response spectrum showed in the same figure (Fig. 
16).

The proposed response spectrums show that the 
value of acceleration at each soil type for zone 6 and 
7 increased about 50% through 121% by comparing 
with existing response spectrum in 2002. The differ-
ences of the values mainly caused by the difference 
value of peak ground accelerations at 10% probability 
of exceedance in 50 years from each hazard map.

6. CONCLUSIONS

From the comparison of existing hazard map 
and proposed one, the result of this study shows that 
the ground peak acceleration of 475 years at every 
site is higher about 30% through 90% compared with 
existing seismic hazard of Indonesia. The differences 
of the values might be mainly caused by the number 
of data collected, in which many earthquakes with 
magnitude greater than 6 occurred after 2002 are 
included. The other reasons are difference on attenua-
tion equation and the definition for bedrock. The defi-
nition of engineering bedrock in our study is average 
shear wave velocity of upper 30m soil profile (Vs30) > 
400m/sec and Vs > 750m/sec for existing hazard map 
(SNI. 2002).

From the comparison of total hazard curve for 
Banda Aceh city and Padang city, Banda Aceh has 
higher value of the peak ground acceleration at 10% 
probability of exceedance in 50 years is 0.73g and 
0.7g for Padang city. The proposed response spectra 
is larger than existing response spectra about 50% 
through 121%, it is due to deference of attenuation 
equation and bedrock level.

The next prospective is to estimate the effective 
peak velocity in Indonesia region for determining the 
exactly value of To and Tc. Because based on Indone-
sian code (chapter 4.7.6), it does not take into account 
the peak velocity for determining the value of To and 
Tc.
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Fig. 14 Design acceleration response spectrum

Fig. 15   Design Response spectrum 5% damping 
for Jakarta (zone 6) 

Fig. 16   Design response spectrum 5% damping for 
Banda Aceh city and Padang city (zone 7)
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