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Proposed Site-Specific Response Spectra for Surabaya-Madura

Bridge
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Abstract: This paper presents a site-specific seismic hazard study to determine the
recommended seismic design criteria for Suramadu Bridge. The study is performed using
probabilistic seismic hazard approach to determine maximum acceleration and response spectra
at bedrock and followed by local site effect analysis to determine maximum acceleration and
response spectra at ground surface. The probabilistic seismic hazard analysis (PSHA) is carried
out using 3-dimension (3-D) seismic source models (fault source model). Two hazard levels are
analysed to represent 150 and 3,300 years return period of ground motion around site location.
The local site effect analysis is performed using 1-dimension (1-D) shear wave propagation
theory to obtain peak ground acceleration and response spectra at ground surface. Finally, the
site-specific surface response spectra with 5 percent damping are developed based on the mean
plus one standard deviation concept from the result of local site effect analysis.

Keywords: seismic hazard analysis, 3-D seismic source model, de-aggregation, local site effect

analysis, design response spectra

Introduction

Surabaya-Madura (Suramadu) Bridge is planned to
be built on the northern part of East Java Province
in Indonesia, spanning the Madura Channel,
connecting Surabaya with Madura Island (Figure 1).
In order to ensure the safety of bridge structure
considering the seismological, geotechnical, and
structural aspects, a site-specific seismic hazard
analysis is required.

Past earthquakes have shown that damages induced
in bridges can take many forms, depending on the
ground motion, site conditions, structural confi-
guration, and specific details of the bridge. Recent
earthquakes, particularly the 1989 Loma Prieta and
the 1994 Northridge earthquakes in California, the
1995 Hyogo-Ken Nanbu earthquake in Japan, the
1999 Jiji earthquake in Taiwan, and the 1999
Kocaeli earthquake in Turkey, have caused collapse
of, or severe damage to, a considerable number of
major bridges [1, 2]. Therefore, a thorough examina-
tion of the structure and its environment should be
conducted in seismic design of bridge to determine
the criteria selection including the seismic use group
and importance factor, intended service/damage
level, and performance objectives.
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This paper presents a site-specific seismic hazard
analysis for Suramadu Bridge. Two levels of ground
motion hazard that represent 150 yr and 3300 yr
return period of ground motion were analyzed in this
paper using total probability theorem. Artificial time
histories for site location were also developed using
spectral matching analysis. Finally, ground response
analysis was performed using 1-D shear wave
propagation analysis to develop the design response
spectra.

Overview of Seismotectonic Conditions

The seismic sources influencing Suramadu Bridge
can be divided into subduction zone, transform zone,
and diffuse seismicity zone. Subduction zone events
occurred when an oceanic plate is being subducted
under an island arc or continent. Thrust fault
earthquakes along the interface, normal faulting
events along the outer arc high and in the trench,
and reverse and strike-slip faulting events in the
upper plate fall within this classification as long as
they are close to a convergent margin of the
subduction zone.

The strike-slip events along the clearly defined faults
in the frontal arc area such as Sumatera, Sorong and
Mamberamo Fault are classified as transform fault
zone events such as Palu-Koro and Matano Faults,
Lengguru and Tarera Aiduna Faults.

Diffuse seismic zone includes all earthquakes that
occur in areas where the seismicity is not associated
with a single fault or fault type. Most of these diffuse
seismic zones are found in back arc areas of collision
zones, like Flores back-arc faulting behind the
eastern end of Sunda arc and western end of Banda
Arc. The seismic sources around the project location
are shown in Figure 2.
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Fig. 1. Suramadu Bridge
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Fig.. 1. Seismic source zone for Indonesia Region [3]
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Data Collection and Processing

Seismic hazard assessment requires a history as
complete as possible of earthquakes in or near the
region of interest. The earthquake catalog used in
this study is based on compilation of several catalogs
from local and international institutions, such as
International Seismological Center (ISC), National
U.S. Geological Survey (USGS), Bureau of
Meteorology and Geophysics (BMG), Indonesia and
several individual catalogs.

The combined catalog covers an area from 90°E to
125°E longitude and 10°S to 10N latitude. From the
catalog dating from 13 May 1897 to 31 December
2004, there are a total of 14119 earthquake events.
The minimum magnitude is 5.0 and the maximum
focal depth is 200 km.

Typical characteristic of earthquake catalogs are as
follows: (1) the magnitude scales used in the catalogs
are not uniform. This is due to the fact that the
earthquake events were recorded using more than
one type of instrument; (2) the earthquake catalogs
contained both the main shock events and the
accessory shock events (foreshock and aftershock
events). Therefore, the data are not valid to be used

when the temporal occurrence of earthquakes are
analyzed using Poisson model; and (3) the small
events are wusually incomplete in earthquake
catalogs. This is due to the limited sensitivity and
coverage of the earth by seismographic networks.

The first problem is solved by choosing a consistent
magnitude for seismic hazard assessment (SHA),
and then the other magnitude scales are converted
to the chosen magnitude scale by using empirical
correlation [4,5,6]. In this research, a moment
magnitude, My, is chosen as a measurement to
quantify the size of earthquake. Other types of
magnitude in the catalogs were then converted to Mw
by using empirical correlations.

The second problem is solved by declustering the
catalog using time and distance windows criteria [7].
The criteria proposed by Gardner and Knopoff [7]
were used in this research because this criteria has
considered the time and distance windows for
magnitude above 8.0. The algorithm eliminated 6028
records from the catalog, and the result is shown in
Figure 3.

The third problem is solved by performing catalog
completeness analysis. In this study, historical
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Fig. 2. Epicenter distribution of main earthquake events from 1900 to 2004 for minimum magnitude of 5.0 and maximum

depth of 250 km
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earthquake data occurred between 1900 and 2004
have been analyzed for completeness using Stepp
method [8]. Based on the catalog completeness
analysis the earthquakes within interval
5.0<Mw<6.0 and 6.0<Mw<7.0 are completely recor-
ded only for the last 27 and 31 years period of
observation, respectively. While the earthquake
catalog for the magnitude of 7.0<Mw<8.0 and
Mw>8.0 are considered complete for the whole time
length of the catalog.

Seismotectonic Model

There are three potential seismogenic sources
addressed in this study, (1) Sunda Arc subduction
fault (2) reverse thrusting fault and (3) shallow
crustal fault. According to these seismotectonic
features, seismic sources zone around site region are
divided into several seismic zones. The location of
those zones can be seen in Figure 4.

Based on the dip angle and location of the focal
depth, subduction zones was divided into interplate
(megathrust) and intraslab (benioff) zones. In this
study, only seismic source zones within a radius of
500 km from the site were considered. Those outside
this radius were assumed to have insignificant
influence for the peak ground acceleration.

Seismic Hazard Parameters
b-value and Annual Rate

Temporal distribution of earthquakes is commonly
assumed to follow frequency-magnitude relationship
proposed by Gutenberg-Richter (G-R) [9]. Several
researchers have proposed alternative methods to
obtain more reliable frequency magnitude relation-
ship [10, 11, 12, 13, 14]. In this study, the seismicity
rates of each source zones were calculated using the
method proposed by Weichert [12], Kijjko and
Sellevoll [13, 14]. These methods considered the
relationship between earthquake data and interval
time when the catalogs are homogeneous (comple-
teness time). The seismicity parameters for each
source zone used in this analysis are shown in
Figure 5.

Maximum Magnitude and Slip Rate

The maximum magnitude and slip rate are esti-
mated based on the evaluation of available data and
tectonic of the region. The procedure identifies a
reasonable maximum magnitude for the given
potential seismic source, and its most reasonable slip
rate in the current tectonic environment. The values
for maximum magnitude and slip rate of earthquake
sources influencing the proposed site are listed in
Table 1.
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Fig. 3. Significant segmentation tectonic domain influencing Surabaya-Madura
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Fig. 4. Seismicity rates for source zones surrounding Suramadu Bridge site

Attenuation Relationship

One of the critical factors in seismic analysis is to
obtain or to select appropriate attenuation relation-
ship. This formula, also known as ground motion
relation, is a simple mathematical model that relates
a ground motion parameter (i.e. spectral accelera-
tion, velocity and displacement) to earthquake
source parameter (l.e. magnitude, source to site
distance, mechanism) and local site condition [15].

74

There has been a number of attenuation relations
derived in the last two decades since the record of
ground motions becomes more available. In general,
they are categorized according to tectonic environ-
ment (.e. subduction zone and shallow crustal
earthquakes) and site conditions. In this study, the
attenuation relationships for subduction zone at rock
sites developed by Youngs [16] and that for shallow
crustal developed by Boore, Joyner, Fumal [17] and
Sadigh [18] for extension tectonic region were
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selected to estimate peak ground acceleration and
response spectra at bedrock. The selection was based
on previous study by Irsyam [19] for the develop-
ment of the Indonesia seismic zone map, which
indicated that these attenuation functions have a
low variability compared to others.

Seismic Hazard Analysis

Epistemic uncertainty is included in the probabilistic
seismic hazard assessment (PSHA) by explicitly
including alternative hypotheses and models. The
logic tree allows a formal characterization of uncer-
tainty in the analysis by explicitly including alterna-
tive interpretations, models, and parameters that
are weighted in the analysis according to their
probability of being correct. Logic trees [20, 21, 22]
are used in this study in order to allow uncertainty
in selection of models for attenuation, recurrence
rate, and maximum magnitude to be considered. The
logic tree model is illustrated in Figure 6.

The PSHA was performed using the total probability
theorem developed by McGuire [23]. This theorem is
based on the probability concept developed by
Cornell [24], which assumed the earthquake magni-
tude M and the hypocenter distance R as a conti-
nuous independent random variable.

The analysis was conducted by using software EZ-
FRISK [24] that has capability of 3-Dimension
modeling for earthquake source. Using 3-Dimension
model, it is expected that the results of hazard
analysis became more accurate. The sequence of
seismic hazard calculations for 3-D fault sources
model can then be represented by a modified form of
previous equation as follows:

PlI2i]= [ fy(m)] (D[ P2 : m,r].
fR;M,LR (r,m,l)dr.dl.dm

@)

Seismic Hazard Exposure

The result of PGA for difference return period for
Suramadu Bridge location is shown in Figure 7.
Seismic hazard for Suramadu Bridge location inclu-
ding the relative contributions from each source for
PGA is shown in Figure 8.

For physical interpretation of the results from PSHA
and to take certain engineering decisions, de-aggre-
gation analysis was performed in this study. The
results of de-aggregation were used to identify the
mean magnitude and distance of earthquakes that
control the ground motions at a particular response
spectral frequency. Figure 9 shows an example of the
result of de-aggregation hazard for Suramadu
Bridge.

Table 1. Estimated maximum magnitude and slip rate for earthquake sources influencing the site location

No. Seismic Source Source No. Source Type Minax Slip Rate (mm/yr)

Al Subduction Faults - Megathrust
1 West Center Java Domain 7011 R 85 77
2 East Java Domain 7021 R 85 77
3 Bali Domain 7031 N 85 77
4  Sumba Fragment Domain 7041 R 85 77

A2 Subduction Faults -Benioff (50<Depth<100)
1 West Center Java Domain 7072 N 85 77
2 East Java Domain 7082 N 85 77
3 Bali Domain 7092 R 8.5 77
4  Sumba Fragment Domain 7102 N 8.5 77
B. Reverse Thrusting Faults
1 Kendeng BackArc Thrust 7133 R 7.5 1.0
2 Bali-Lombok Backarc Thrust 7143 R 7.5 2.0
3 Flores Backarc Thrust 7153 R 75 2.0
C. Shallow Crustal Faults
1  Bumiayu Fault 7174 R 6.8 2.0
2 Semarang Fault 7184 SS 6.8 0.2
3 Lasem Fault 7194 R 6.8 0.2
4  Melange Fault 7204 R 6.8 0.2
5  Kemirian Fault 7214 R 6.8 0.1
6  Sepanjang Fault 7224 R 6.8 0.3
7 Kangean Fault 7234 R 6.8 0.1
8  Doang Fault 7244 N 6.8 0.1
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Fig. 8. De-aggregation hazard result of 3300 year return period for Suramadu Bridge

Time Histories

Acceleration time-histories are required in the
analysis of shear wave propagation in soil deposits.
Selection of time-histories appropriate for specific
geological and seismological conditions plays an
important role for obtaining accurate results. Since
there are no strong motions detected near the site,
the ground motion was selected based on the
controlling earthquake with specific magnitude and
distance for each source and various return periods
from the de-aggregation result. For each source
mechanism, response spectra were generated using
appropriate attenuation functions. These response
spectra were scaled to the T=2.0 second value as
shown in Figure 10. Scaled time histories were then
generated using spectral matching analysis. An
example of time histories for subduction event is
shown in Figure 11.

Local Site Effect

The local soil effect analysis in this study was carried
out using 1-D shear wave propagation theory to
obtain the estimate of ground motion parameter, i.e.
surface spectral acceleration and time histories. The
Geotechnical software, NERA [26], was employed for
this procedure.

In this study, the soil dynamic property for the site
location was based on the result of shear wave
velocity measurement which can be found in the
report of Seismic Ground Motion Parameters at
Suramadu Bridge Site Indonesia conducted by
Institute of Geophysics, China Earthquake Adminis-

7

tration [27]. The shear wave velocity data is avai-
lable until 90 m depth. For this analysis, it was
assumed that the bedrock at the site location is at
250m depth, since from the 90 m deep bored-hole
results there was no bedrock found yet. The shear
wave velocity profile for the depth below 90 m to 250
m was estimated. Shear wave velocity profile used
in this analysis is shown in Table 2

The result of local site effect analysis using 1-D shear
wave propagation analysis from bedrock to ground
surface is shown in Figure 12. The computed surface
spectral accelerations were obtained using scaled
bedrock time histories. Based on these spectral
accelerations, the average and average plus one
standard deviation response spectral acceleration
were calculated.

Development of Site-Specific Design
Response Spectra

The recommended design spectra for this study are
presented in Figure 13 for return period of 150 years
and 3300 years. The recommended response spectra
were determined based on mean plus one standard
deviation. In this project, the elastic surface response
spectra for 50% and 3% probability of exceedance
(PE) in design time period of 100 years (correspon-
ding to return period of approximately 150 and 3,300
years, respectively) were used to develop the expec-
ted earthquake (EE) and the maximum considered
earthquake (MCE) spectra, respectively. This MCE
response spectrum was taken as the design spectra
for designing an inelastic structural response,
whereas the elastic design spectra were obtained
using EE response spectra.
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Table 2. Shear wave velocity at Suramadu Bridge [27]

Layer Order Description of Soil Depth (m) Thickness (m) Vs (m/s)

1 Clay 0.0-4.0 4.0 130
2 Sandy Clay 4.0-9.6 5.6 180
3 Silty Clay 96-11.5 1.9 200
4 Clayey Silt 11.5-16.00 4.5 360
5 Sandy Silt 16.0-23.1 7.1 330
6 Clayey Silt 23.1-34.6 11.5 345
7 Silty Clay 34.6-48.0 134 375
8 Clayey Silt 48.0-54.0 6.0 350
9 Clayey Silt 54.0-58.0 40 320
10 Clayey Silt 58.0-61.0 3.0 310
11 Clayey Silt 61.0-65.0 4.0 350
12 Clayey Silt 65.0-68.0 3.0 290
13 Clayey Silt 68.0-78.0 10.0 310
14 Clayey Silt 78.0-84.0 6.0 300
15 Clayey Silt 84.0-90.0 6.0 390
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Fig. 12. Computed surface spectral acceleration for Suramadu Bridge with 3300 years return period of hazard
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Fig. 12. Recommended design response spectra for Suramadu Bridge
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Conclusions

The site-specific seismic hazard assessment for
Suramadu Bridge has been described in this paper.
The analysis used was a probabilistic approach for
return periods of 150 yr and 3300 yr of earthquake
hazard. The controlling earthquakes were derived by
employing deaggregation process. Finally, the design
response spectra at ground surface for 5 percent

damping were developed. The

design spectra

obtained from this study could be used for further
design procedures.
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