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Abstract The seismic hazard assessment of a site that lies in the low seismic region
affected by the future existence of a large dam has been given less attention in many
studies. Moreover, this condition 1s not addressed directly in the current seismic codes.
This paper explains the importance of such information in mitigating the seismic hazard
properly. Ulu Padas Area in Northern Borneo 15 used as an example for a case study of a
site classified as a low seismic region. It is located close to the border of Malaysia, Brunei
Darussalam. and Indonesia and may have a large dam in the future as the region lies in
hilly geography with river flow. This study conducts probabilistic and deterministic seis-
mic hazard analyses, and reservoir-triggered seismicity of a site affected by the future
existence of a large dam. The result shows that the spectrum acceleration of the maximum
design earthquake for the investigated site in the Ulu Padas Area in Northemn Bomeo 15
taken from the reservoir-triggered seismicity earthquake at short periods and from the
current condition at longer periods.

Keywords Northern Borneo + Seismic hazard + Low seismic region - Large dam effect

1 Introduction

In most cases, the seismic effect on infrastructures (i.e.. buildings) built on a site in a low
seismic region is neglected as there is no or few evidence showing its harmful effect on the
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people 1n its recorded earthquake history. In the past decade, the increasing demand for an
environment secured from natural hazards has led many researchers to investigate the level
of seismic hazard in low seismic regions around the world. such as Germany. Belgium,
Spain, Singapore, West Malaysia, Thailand, and the Korean Penmnsula (Levdecker and
Kopera 1999; Atakan et al. 2000; Balendra et al. 2002; Petersen et al. 2004; Han and Choi
2007, Lantada et al. 2010; Omthammarath et al. 2010). Their studies were based on the
historical evidence of extensive damage and loss caused by a predominantly stable plate
(1e., intra-plate) and of low seismic regions experiencing nfrequent earthquakes
(Anbazhagan et al. 2009). Given the absence or insufficient documentation of the occur-
rence of killer earthquakes in low seismic regions, there 1s no proper code regulating the
involved parties in the development of structures in some countries in this region. This
absence may give rise to problems in the future if it is not handled carefully, particularly
when the creation of large dams 1s an option for water reserve and electrical power in
developing countries (e.g.. Malaysia and Bruneir Darussalam). However. the common plan
of development of large dams in a low seismic region is not in line with or is not even
embedded in the development of their own seismic code.

Northern Borneo, a region where the borders of three countries namely Malaysia,
Brunei Darmssalam, and a.iunesia lie, 1s affected by both regional and local earthquakes.
Significant earthquakes from the Sulu and Celebes seas arriodicall}r felt as slight
tremors in Sabah. The NEIC (2007) earthquake database shows a total of 221, withAf | 6
within 1.000 km from Kota Kinabalu since 1973 (Fig. 1). The source of regional earth-
quakes for Sabah comes from the active subduction zones marked by the Manila Trench,
Negros Trench, Sulu Trench, Cotabato Trench, and North Sulawesi Trench.

From 1897 until today, about 28 local light to moderate earlhqlla@: are recorded
onshore Sabah and about 33 earthquakes are recorded offshore of Sabah (South China Sea,
Sulu Sea, and Celebes Sea). The 591 quakes have magnitudes ranging from Mb 4.0 to 5.8.
The epicenters of the earthquakes are concentrated on the East Coast of Sabah, around the
Lahad Datu and Ranau area. The earthquakes are mainly shallow in depth (\70 km),
whereas those offshore tend to be intermediate (70-200 km) in depth. The local earth-
quakes in Northern Borneo are related to active faults (JIMGM 2006). Limited earthquake
focal mechanism solutions provided by the USGS show oblique reverse faults. normal
faults. and strike-slip faults responsible for the local earthquake in Sabah (Fig. 2). Two
main seismic zones trending northeast-southwest occur in Sabah, specifically Ranau-La-
buk Bay Zone and Sempoma-Dent Peninsular Zone. Both seismic zones are characterized
by northeast-—southwest trending reverse faults, possibly a southeastward extension of the
Cagayan Thrust and Sulu subduction in the Sulu Sea region.

Three light earthquakes were recorded within 100 km radius of the Ulu Padas Area
where the large dam is assumed to be located. One occurred near Pensiangan with a
magnitude Mb 4.1, Kuala Penyu (Mb 4.5), and Long Semado, Sarawak (Mb 4.5). The
Pensiangan and Long Semado earthquakes appeared to be associated with a southward
extension of the northeast—southwest trending Ranau-Labuk Bay seismic zone.

The objective of this study 1s to determine whether there is an escalation of seismic
hazard for the purpose of design and assessment of regular building in a low seismic region
that may have a large dam in the future. As reflected in ICOLD (2004), the increase in
seismic hazard analvtically 1s possibly due to the existence of a large dam, but 1t cannot
increase the seismic hazard geologically. This study demonstrates the possibility of a
seismic hazard increment using the Ulu Padas Area in Northern Bomeo as study case of a
low seismic region, which has a lack of seismic data. It runs probabilistic (PSHA) and
deterministic (DSHA) seismic hazard analyses along with the reservoir-triggered
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Fig. | Seismicity surrounding Northern Borneo based on USGS/NEIC and JMG Databases. Earthquakes
onshore Northem Bomeo are associated with NE-SW trending faults

seismicity (RTS) to define the maximum design earthquake (MDE) to the area when there
1s a possibility of building a large dam in the future.

2 Geological settings and structural geology

2.1 Seismotectonic setting
14

Three major tectonic plates rim Northern Borneo. namely the grasian Plate to the North,
the Indian-Australian plate to the West and South, and the Pacific-Philippine Sea Plate to
the East (Fig. 3). The GPS measurement of Michell et al. (2000) shows that the three plates
converge at different directions and rates. The Sundaland and South China Sea Basin
(stretched continental margin) of the Eurasian Plate slides to southeastward at a rate of
about 5 cm/year, whereas the Indian-Australian and the Philippine Sea-Pacific Plates move
northerly at a rate of about 7 em/vear and 10 cm/vear, respectively. Active subduction
zones and strike-shp faults are associated with the interactions of these three tectonic
plates.

MNorthern Bormeo sits on the semi-stable South China Sea Basin and is. to a certain
extent, influenced by the active mobile belts in Sulawesi and the Philippines (Fig. 4). The
active Sulu Trench subduction zone continues to East Sabah. Similarly, the active Palu
Fault in Sulawesi appears to continue to East Sabah. Walpersdorf et al. (1998) show that
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Fig. 2 Focal mechanism solutions of shallow earthquake around Northem Borneo associated with reverse,
normal, and strike-slip faults. Focal mechanism based on JMGM (2006)

the GPS measurement of movement across the Palu-Koro fault exhibits a 3.4 cm/year
sinistral strike-slip movement. In the South China Sea. the northwest Borneo Trough.
which was probably once associated with subduction zone. is not seismically active. Active
thrust faults found along the trough may mostly be associated with sedimentary loading
and slumping or crustal shortening.

Large dam and Ulu Padas Area sites are assumed to be situated above a low-seismically
active region with no active fault found crossing the site. Earthquake events demonstrate
that the closest hypocentral event to Ulu Padas Area 1s 55 km for earthquake Mb 4.5. Some
lineaments are found near the Ulu Padas Area. Unfortunately. no field investigation report
has been found to confirm whether the lineaments are related with Quatemary fault
activity. Meng (1999), however, shows that Quatemary alluvium exists at the Tenom
region near the site and dam based on Tongkul’s (1993, 1997) studies. We assumed that the
lineaments trending from North to South might be related with Quaternary or recent
tectonic activities, which are supported by Mb 4.5 earthquake 55 km away from the site.
No mformation on the length of the rupture surface (or ship length) of the active fault’s
segment is found n this case.

Seismicity within a radius 500 km from the Ulu Padas Area is dominated by shallow
earthquakes (depth \, 70 km), which mostly occur in the East Coast of Sabah and in the
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Fig. 3 Major tectonic plates surrounding Northern Borneo (Tongkul 19997

Makassar straits region (Sulawesi). In the Sulawesi region. the earthquakes are mostly
produced by the Palu-Koro Fault, which is a strike-slip fault. whereas in the East Coast of
the Sabah region. they occur in Lahat Datuk Fault (or Tabin Fault), Mensaban Fault
(Kundasang-Ranau Fault), and Crocker Fault Zone. This region has produced 83 earth-
quake events from 1963 to 2008, with magnitudes ranging from Mb 4.0 to 5.8 and mostly
dominating in Sabah’s West Coast. Three light earthquakes were recorded within 100 km
radius of the Ulu Padas Area where the dam is located. One occurred near the Pensiangan
with a magnitude Mb 4.1, Kuala Penyu Mb 4.5, and Long Semado, Sarawak, Mb 4.5, The
Pensiangan and Long Semado earthquakes appeared to be associated with a southward
extension of the northeast—southwest trending Ranau-Labuk Bay seismic zone.

2.2 Structural geology

The regional structural trend of Northern Borneo 1s complex. However, two dominant
trends can be identified onshore (Fig. 5). In western Sabah. northeast-southwest
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Fig. 4 Major tectonic elements surrounding Northern Borneo (Tongkul 2006)

lineaments predominate, while in northern and eastern Sabah, northwest—southeast
trcndi]ineaments that curve northeast toward eastern Sabah predominate. These linea-
aants mainly represent the pre-Neogene fold and thrust belt of the Crocker Formation. The
fold and thrust belt extends further west offshore along the northwestern continental
margin of Sabah and northeast to Palawan and northwest Sulu basin. The continuation of
these fold belts offshore in eastern Sabah is uncertain. Associated with these lineaments are
northwest—southeast, north-south, and northeast-southwest wrench or strike-slip faults,
These dominant structures are the resulta several major episodes of deformation affecting
the basement rocks. pre-Neogene, and Neogene sediments. It is often difficult to differ-
entiate between older structures and younger structures once they are reactivated. The
occurrence of mud volcanoes and earthquakes along some of these northeast-southwest
trending faults indicates recent movements.

The Padas Valley area forms part of the Northwest Bomeo geosycline extending from
West Sarawak (Malaysia and Brunei Darussalam) and the adjacent part of Kalimantan
(Indonesia) to the western and northemn parts of Sabah (Malaysia). Sedimentation in the
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Fig. 5 Structural elements surrounding Northem Bomeo (Tongkul 1993). Several NE-8W trending sinke-
slip faults cut through the Paleogene and Neogene sediments

geosycline continued in the Padas Valley area throughout the Oligocene and toward the
end of Miocene period. The material deposited 15 considered to include two distinet facies,
the Crocker Formation. which is dominantly arenaceous, and the Temburong Formation,
which 1s mainly argillaceous. The major part of these sedimentary deposits 1s composed of
flysch-type sandstone and shale.

3 Method of analysis

The site-specific seismic hazard assessment for Ulu Padas Area in Northern Bomeo (inside
the State of Sabah, Malaysia) that will be having a large dam consists of the following
general steps: (1) assessing the available data of the geology of earthquake fault and dam
site; (2) selecting the suitable attenuation relationship; (3) collecting the earthquake event
data (catalog study); (4) PSHA; 5) DSHA; and 6) RTS analysis. Ulu Padas Area 1s located
at coordinate longitude of 115.8° East and latitude 4.8° North. The large dam 1s assumed to
be built somewhere near the active fault at downstream of Ulu Padas Area and will have a
water level height of 120 m n its reservoir, water volume of 700-1,000 9 10° m®, and
reservoir length of about 8-10 km. No active fault was assumed beneath the large dam and
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Ulu Padas Area. The closest hypocentral distance of the active fault to the investigated site
15 3 km.

3.1 Selection of predicted attenuation relationship

For evaluation, attenuation relationships are selected from available predictive relation-
ships published from 1980 to 2008 based on the seismology criteria proposed by Cotton
et al. (2006). The complete report of some published predictive relationships (for 1980
2002) 1s well explained in Douglas (2003). The selection 1s also limited to those formulas
that are available in the PSHA program. The range of applicability of the eleven selected
attenuation models is explained in the results section.

The weighting of the selected model follows the Scherbaum et al.”s (2005) method to
obtain proper ranking. However, this study only emploved a partial procedure that was
applied in Scherbaum et al. as Ulu Padas Area as a target model has very little information
related to its seismologic properties. In this study, the weights are assigned to some
indicators in the candidate attenuation equations. which reflect the relative confidence of
the analyst in each of the models providing the best estimate for ground motions con-
sidered in the hazard analysis. The criteria used reflect the reliability of the equation to
predict ground motions at a particular response frequency and for a given range of mag-
nitudes and distances in the host region.

Based on the available tectonic and seismologic knowledge of the Ulu Padas Area site,
we used some parameters as criteria in selecting the suitable attenuation model. namely
magnitude Mb 4.0-6.2, hypocentral distance R \ 500 km, shallow crustal earthquake
(normal, reverse, and strike-slip faults), rock site, intraslab earthquake, and stable conti-
nental region. We used a dam fundamental frequency within the range of 4-15 Hz as an
additional indicator. We also assumed that intraslab earthquakes within the considered
radius from the site are much like the Central Europe or East/Central US earthquakes. The
shear wave velocity of the bedrock of site was assumed to be 760 m/s, which lies within
the range of soft rock to hard rock types of NEHRP 2000 (BSSC 2001).

The mformation on the knowledge base and the target condition is used to assign a
descriptive measure of quality for each equation and category. Such measures may be
Good. Fair, or Poor (quantitatively equal to 3, 2. or 1. respectively). The weights of this
model are called Expert’s Weight and are considered as Scenario 1 in the selection of the
attenuation model. For Scenanio 2, we assume no treat is done to differentiate the relative
degrees of applicability of the equations and assigns equal weights: this i1s called Equal
Weight. Scenano 3 employs weights without any scientific criteria, which are randomly
generated weights assigned with the term Random Weight. To emphasize the use of non-
overlapping data sets but still cover roughly the same geographic regions as the full set of
attenuation models. an additional scenario is defined by only using attenuation models
representing four regions: Worldwide, Europe, Eastern North/Central-Eastern North
America (ENA/CENA). and Westemn North America (WNA). This is Scenario 4, which we
call Independence Weight. The final weight is obtained by summing up the scenario’s
weights and normalizing them with the total weight. We rank the eleven attenuation
models suitable for the Ulu Padas Area based on this Final Weight and use them in the
logic tree analysis.

In DSHA. the use of single attenuation model is commonly practiced. However, the
application or conversion of single model of a region to the different region would
introduce epistemic uncertainty since the relationship of model 1s theoretically valid in
terms of its derivation and empirical basis (Scherbaum et al. 2005). The epistemic
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uncertainty due to conversion of model from high to low seismic (other) region could
artificially increase the hazard as well (Wiemer et al. 2009). Therefore, this study
emploved a composite model using eleven attenuation relationships that selected and
weighted based on the procedure as proposed by Scherbaum et al. (2005) in order to reduce
the uncertainty and to be more comparable with the uniform hazard spectra of PSHA. The
criterion was based only on site condition as well as magnitude and distance range. The
maximum credible earthquake (MCE) ranged from Mb 4.1 to 5.4, while the hypocentral
distance ranged from 55 to 160 km. The investigated site was assumed at bedrock with
760 m/s of shear wave velocity.

3.2 Deterministic method

A site-specific DSHA 1s generally conducted through the following steps (Reiter 1990;
Krinitzsky 1995, 2002):

~ Conduct the identification and charactenzation of all earthquake sources with their
source-to-site distance that may affect the site and that are capable of producing
significant ground motion.

~  Choose the appropnate ground motion model (attenuation function) to predict the
ground motion parameters at the site as a function of magnitude, distance, and site
condition.

— Select the earthquake that produces the strongest level of motion (also called the
controlling earthquake) by comparing the motion produced by the earthquake
magnitude and its source-to-site distance identified in the previous step.

— Characterize the hazard at the site using the peak ordinates of the response spectrum
acceleration. Select the largest euquake event that can be reasonably expected to
occur for each source and assign it as the maximum credible earthquake (MCE), which
i5 usually taken at the median or the median-plus-one-standard-deviation (84th-
percentile) value. For critical structures, such as a dam, the mean-plus-one-standard-
deviation value can be selected 1f the site i1s near a very active fault (FEMA 2003).

— Select analogous accelerogram records considering the magnitude, distance. fault
mechanism, and site condition to represent the earthquake excitation at the site.

According to ICOLD (1989), an MCE 1s generally defined as an upper bound of the
expected magnitude or as an upper bound of the expected earthquake intensity. A DSHA or
probabilistic method can be used to evaluate the MCE (FEMA 2005; ICOLD 1989). The
MCE is used as the largest possible earthquake along a recognized fault under the presently
known or presumed tectonic framework (FEMA 2005). However. the earthquake coming
from the result of the PSHA may become the MCE. In practice of large dam seismic
analysis, this MCE 1s considered to have a retum penod earthquake (RPE) of several
thousand years, typically 10,000 vears in a region of low to moderate seismicity, and is
defined probabilistically (Wieland 2004, 2005). ICOLD (2004) suggests to use the term
safety evaluation earthquake (SEE) rather than to use MCE in seismic risk analysis of large
dam. However, we kept using term MCE since the intention 1s for the site and 1t 1s
commonly used in practice.

In this study, we regard all faults as potential sources for future earthquakes 1f they have
proven or probable evidence for movement in about 35,000 to 100,000 vears (FEMA
20035) or Quatemnary time (ICOLD 1989), However, the very limited existing fault activity
information in Ulu Padas Area. Northern Bomeo. results in major uncertainties on the
average fault slip rate, rupture length of the fault, magnitude of earthquakes associated
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with past fault movements, average surface faulting earthquake recurrence mterval. and
time of the last coseismic surface fault mipture. These uncertainties make the prediction of
maximum earthquake in DSHA using the seismologic parameters (rupture length, width. or
area) impossible to apply. The intensity report within the area of the site and large dam site
is not available as well. Hence, MCE on the bedrock for the investigated site 1s determined
using the available historical earthquakes from recent event catalogs (1963-2008).

3.3 Probabilistic method

In general. the PSHA 1s comprised of the following five steps (Reiter 1990: McGuire

200@'

— Identify all earthquake sources capable of producing damaging ground motions.

~  Characterize the distribution of earthquake magnitudes (the rates at which earthquakes
of various magnitudes are expected to occur).

— Characterize the distribution of source-to-site distances associated with potential
earthquakes.

—  Predict the resulting distribution of ground motion intensity as a function of earthquake
magnifude, distance, and so on.

— Combine uncertainties in earthquake size, location, and ground motion intensity using
the calculation known as the total probability theorem.

—  Define the controlling earthquakes by disaggregating the total hazard for all point
considered i spectrum acceleration.

Earthquake sources can be faults, which are typically planar surfaces 1dentified
through various means such as observations of past earthquake locations and geological
evidence. As individual faults in the Northern Borneo region are not identified clearly,
earthquake sources are described by area regions in which earthquakes may occur
anywhere within a radius 500 km [ICOLD (1983) indicates at least 300 km] from the
Uldas Area.

Once all possible sources are identified, we identified the distribution of magnitudes
and source-to-site distances associated with earthquakes from each source. The distri-
bution of earthquake sizes in a region is assumed to follow the Gutenberg—Richter
recurrence law (Gutenberg and Richter 1944). The Gutenberg—Richter’'s constants are
estimated using the statistical analysis of historical earthquake event observations pro-
vided by USGS. As the observed events are truncated in maximum and minimum
earthquake magnitude. Muin B M B M. the exponential recurrence model is used in
determining the number of earthquake magnitude CM per umit time following MeGuire
(2004). The maximum likelihood of the activity rate is assumed under Poisson’s
distribution. Further explanation of the method can be found in McGuire (2004). The EZ-
FRISK™ (RiskEngineering Inc 2008) program is used in the probabilistic seismic hazard
analysis.

ICOLD (1989) and FEMA (2005) state that the MCE of a dam, in this study we apply to
the site, may come from an earthquake based on the result of the PSHA result. As this
study deals with low seismic hazard, we selected the controlling earthquake on the bedrock
from PSHA 475 years RPE as MCE. For comparison purpose. the controlling earthquake
from 2,475 years RPE is presented as well. In moderate earthquakes, especially earth-
quakes with a magnitude of more than 6, the DHSA result in determining the peak ground
acceleration (PGA) is mostly higher that the result of PSHA.
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3.3.1 Epistemic uncertainty

In seismic hazard analyses. epistemic uncertainty is used to limit data (often very limited)
and 1s considered by using altemative models and/or parameter values for the source
characterization and ground motion attenuation relation. For each combination of alter-
native models. the hazard 1s recomputed resulting in a suite of alternative hazard curves. As
an area of low-to-moderate seismicity, for example Northern Borneo, is often the case
wherein many equations are needed to capture the epistemic uncertainty, this gives greater
significance to the issue of selecting these equations rather than to assign their relative
weightings subsequently (Sabetta et al. 2005).

This study develops the logic tree to be incorporated with PSHA to capture epistemic
uncertainty, as shown in Fig. 6. There are four main epistemic uncertainties: recurrence
model, seismic source. magnitude conversion, and maximum magnitude. No charactenistic
recurrence model 1s used in this analysis. The weighting process of this logic tree is
influenced greatly by Scherbaum et al.’s (2003) study. The weighting value of the atten-
uation model comes from the previous attenuation selection process. There are 78 sce-
narios of epistemic uncertainty for the current condition and 131 scenarios for the
condition with the large dam effect emploved in this study. The weight from attenuation
model selection is used in weighting the attenuation model uncertainty. The maximum
magnitude is added 70.5 to capture the uncertainty of this parameter (McGuire 2004). The
magnitude scale conversion cannot be avoided and hence Utsu (2002) relationship is used.
Since the conversion contributes another uncertainty in the analvsis. a weight of 0.6 is
given when the magnitude 1s not converted. It means that the Mb values in the earthquake

catalog are assumed to be the same with Mw, which is the formal magnitude scale used in
most considered attenuation models.

3.4 Reservoir-tnggered seismicity

The artificially induced phenomena related to the impoundment of bodies of water known
as RTS 1s mostly linked with normal and strike-shp fault. If the causative fault 1s already
critically stressed. it is logical to consider that the increase in shear stresses and the
reduction in effective normal stresses due to the weight of water reservoir and additional
pore pressures, respectively, can trigger seismic activity. In cases of normal and strike-ship
faults, this influence has a tendency to place the representative Mohr circle nearer to the
failure slope. such as a decrease in shear strength along the fault (ICOLD 2004). From a
worldwide standpoint, only a small number of reservoirs impounded by large dams have
triggered known seismic activity.

Currently, the RTS phenomena are not a clear knowledge that can be used in predicting
seismic hazard for seismic design and/or seismic assessment of a dam. It has significantly
high aleatory and epistemic uncertainties. It is a clear and widely accepted fact that a
rigorous analysis to predict a reliable magnitude and location of RTS is hardly feasible,
considering the nature of the parameters involved (USCOLD 1997; FEMA 2005: ICOLD
2004). In this study. the seismic potential at Ulu Padas Area was assumed to be governed
by its tectonic conditions and would not be increased by RTS (ICOLD 2004). A prediction
of the occurrence and magnitude of RTS is based on recent information related to the
reverse fault activity near the dam site, reservoir water level height of 120 m, volume of
reservoir of 700-1,000 9 10° m*, and reservoir length of 8-10 km.

Using the above-mentioned facts, we predict the RTS using recent information mainly
from the cases of RTS in the following references:

13




248 Nat Hazards (2011) 59:237-269

Attenuation model Recurrence Model Seismic source Magnitude Maximum
conversion magnitude
Mmax = 6.2
Mot converted iy (0.7)
(0.0) Mmax ~ 6.7
\ (0.3)
Cioniree
Abrahamson & Silva (2008) ‘::":{:
(. 105) 2 Mmax = 6.2
Ambraseys et al. (2005) Converted / (0.7)
(0.142) (0.4) Mmax = 6.7
Adkinson & Boore (2006) ‘ 2 (0.3)
Exponential
{(0.097)
MIH:IY 5?
Boore & Atkinson (2008)
Not converted / (0.7)
0114
: ; (0.6) Mmax = 6.2
Campbell (2003}
3 (0.3}
{(0.067) Source 2
Camphbell & Bozorgnia (2008) Mmax =~ 5.7

(0.05T) Converted / (0.7}
Chiou & Youngs (2068 (0.4 N Mmax ~ 6.2
(0.067) Characlenistic (0.3)
Ldriss (2008) Bl
] Source | Mmax = 4.5
Somerville (20017 (0.4) Mot converted :"f (0.4)
(0.126) _,-": (0.6) \L'-.__ Mmax = 4.3
g e s
Spudich et al. (1999) Source RTS (0.6)
(0060
(0.2) - Mmax = 4.5
Toro et al. {1997 "-.____ Coaveriad ‘,.-"; EY]
0004 \
(s i Source2 (0.4) -\'\,_ Muax = 4.3
lenssnemanans i e e e i
(0.4) AL

Fig. & Logic tree for epistemic uncertainty in PSHA. Dashed line indicates the scenano used for the
condition with large dam effeet

— ICOLD (2004) modified from USCOLD (1997). It 1s onginally from Baecher and
Keeney (1982) based on the water level and volume of a reservoir having RTS

~  Simpson et al. (1988) based on the water level and earthquake occurrence

~  MeGarr et al. (2002) based on the length of reservoir and magnitude.

The RTS earthquake is supplied to the probabilistic seismic hazard analysis (PSHA),
with the seismic source area located in a region near an active fault. The Ulu Padas Area 1s
situated outside this seismic source with a 3-km epicentral distance. Accommodating this
seismic source into the PSHA can be difficult because it has no historical record, whereas
the criteria of a seismically active fault are defined based on the geological assumption
only. as indicated in Sect. 2. Estimating the magnitude using a ground motion model
through the stochastic method is also not possible due to the insufficient data. Therefore,
we assumed that low earthquakes have occurred that would be used in calculating the
annual rate of occurrence. The annual rate is constrained to be less than those of the other
source areas to show that the event is very rare in the considered area. The minimum
magnitude 1s set to Mb 4.0 for this seismic source, whereas the maximum magnitude is
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taken from the predicted RTS earthquake. The b-value, a Gutenberg—Richter constant that
describes the relative likelihood of large and small earthquakes. of the RTS source is
normally higher than its regional seismicity (Gupta 2002). Hence, the additional events
with magnitude slightly higher than minimum magnitude are estimated and adjusted so that
the b-value of the RTS source 1s higher than those of source areas 1 and 2.

Given that this procedure introduces significant uncertainties, we assigned a lower
weighted value to the RTS seismic source than to the other seismic sources areas. We also
assumed that two magnitudes govem the RTS seismic source, Mb 4.5 and Mb 4.3 with
weighted values of 0.4 and 0.6, respectively. to reduce the excessive supenornty of the
short-distance events introduced by the maximum magnitude to the total seismic hazard.
This also led us to lower the weighted RTS seismic source compared with the other sources

(Fig. 6).
3.5 Maximum design earthquake

For seismic safety considerations. the site in the Ulu Padas Area should be designed or
analyvzed using the maximum level of ground motion produced by the MDE according to
ICOLD (1989, 2004) and FEMA (2005) because a large dam will be built near the active
fault. and the lineament of this active fault is trending close to the site. Usually, MDE i1s
calculated by controlling the MCE for high-hazard potential dams. However, for low- or
significant-hazard dams, the MDE may be determined based on faults active in the
Holocene period or according to other agency-specified criteria (FEMA 2005). The MDE
may be set equal to the MCE, equal to 10.000-vear earthquake (PSHA). equal to pre-
dicted earthquake due to RTS, or equal to a design earthquake less than the MCE
depending on the circumstances (ICOLD 1989, 2004: FEMA 2005). In selecting the
MDE. indicating that only earthquakes with 2 and 10% probability of exceedance in the
50 years lifetime design, that 1s, 475 and 2,475 years RPEs, respectively, are considered
as the controlling earthquakes or MCE from the PSHA. Although the use of a mean
scenario as the controlling earthquake has its advantage. a mode scenario was selected in
this study to represent the controlling earthquake of 475 and 2.475 years RPEs. The
mode scenario demonstrates the event that most likely generates the exceedance of
the target ground motion level at the considered site (Bazzurro and Cornell 1999:
Abrahamson 2006).

In the DSHA of a high seismic region such as California. the MDE should be
developed from the MCE at the median for a regular building design and 1.5 times the
median or median-plus-one-standard-deviation value (84th-percentile) for important or
crifical structures when the largest earthquake that can be reasonably expected 1s con-
sidered (Knmitzsky 2002; FEMA 2005, Zheming Wang, wntten communication),
However, in low seismic regions. the use of the 50th- or 84th-percentile may be too
conservative because the recurrence interval for the design earthquake is too long
(Zheming Wang, written communication). Moreover, the selection of the MDE is also
influenced by the owner, political considerations, and economic constraints (Krinitzsky
2002).

In the seismic analysis of a dam. the MDE should be selected from the MCE based on
either PSHA or DSHA., whichever produces the maximum result, as this study mvolves a
site that may have a large dam that could produce RTS. However, in this case. we
compared the DSHA result at the median value of the 475 vears RPE with the PSHA
(McGuire 2001) for the purpose of a seismic design or assessment of a regular building at
the investigated site,
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3.6 Selection of input ground motion

Earthquake ground motion represents the regional seismicity from a source mechanism to
the path effect and then to the site effect. For instance, as the magnitude increases. the more
the low frequency motion tends to exhibit increasingly in the frequency bandwidth and
decreasingly mn the corner frequency. The ground motion for seismic design and assess-
ment 1s much influenced by the characteristics of the ground motion dependent on the
various building design and assessment assumptions (McGuire 2004: Douglas and Aochi
2008). A great uncertainty that poses great challenges i1s thereby introduced. To demon-
strate the effect of a large dam on the seismic hazards of a site in a low seismic region, the
selection of ground motion for engineering purposes is also discussed in this study. The
common method regulated in many seismic codes for engineering design (e.g.. CEN 2004;
ASCE 2007) 1s used, which consists of a selection of the ground motion records from an
online available database based on seismologic parameters (Bommer and Acevedo 2004),
such as the fault mechanism. magnitude. hypocentral distance. site condition (general
rock), frequency bandwidth. and duration. Afterward. matching the MDE spectra using
spectra-matching method (Abrahamson 1992; Hancock et al. 2006) using the SeismoMatch
software (Seismosoft 2009) is performed.

In generating the synthetic ground motion through spectral-matching, frequency and
duration are the strong motion parameters that should be considered. Given that the
complete characteristics of the RTS strong motion are rarely reported in the literature, we
assumed that a high frequency 1s dominant in the RTS ground motion because it is similar
to a natural earthquake motion produced by low-magnitude near-field earthquakes. The
RTS earthquake 1s also associated with local seismicity and a very shallow event (Chadha
et al. 1997, Talwani 1997). A natural ground motion with a longer distance in a seismic
region without RTS is not easy to assume because it is associated with a distant earthquake
containing a complex frequency type due to the travel path and site effects. We also
considered the RTS motion to have a short duration (uniform duration type) of less than
10 s, whereas a natural ground motion for distant earthquakes has a long duration. A short-
duration event is related to a low magnitude and a short epicentral distance (Kramer 1996;
Bommer and Martinez-Pereira 1999). The event was also selected based on the RTS
aftershock earthquake M 4.5 at the Hsinfengkiang Dam in China (Bolt and Cloud 1974)
and earthquakes with various durations as reported h}aobry et al. (1978) and Kramer
(1996). The strong motion record was selected from the Internet Site for European Strong-
Motion Data (ISESD) (Ambraseys et al. 2001) and the PEER Strong Motion Database
(PEER 2000).

4 Analyses and discussion

4.1 Selected attenuation model

We selected eleven attenuation models, namely Abrahamson and Silva (2008), Ambraseys
et al. (2005), Atkinson and Boore (2006), Boore and Atkinson (2008), Campbell (En"}*
Campbell and Bozorgnia (2008), Chiou and Youngs (2008), Idriss (2008), Somerville et al,
(2001), Spudich et al. (1999), and Toro et al. (1997). These models are dominated by the
model on the rock site condition and with a magnitude type of moment magnitude (Mw).
The assumed validity range of the above critenia is fully explained in Table 1. In Tables 2
and 3, we show our scores and the weights for each attenuation model that represents
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Table 1 Auenuation models and their assumed validity ranges

Mo. Model Name M type M range Frequency R type R range Site Region
B (Hz) Condition
1 Abrahamson and Mw 50-835 0.1-100 rup B200 Soil, Rock Worldwide
Silva (2008)
2 Ambraseys et al. Mw 50-70 04-20 jb B100 Rock Furope,
(2003) Middle East
3 Atkinson and Mw 4880 0220 hyp B200 Hard rock ENA
10 HOTE (Eﬂ'l'l(:}
4  Boore and Mw 50-80 0.1-100 b B200 Soil, Rock Worldwide
Atkmson (2008)
5 Campbell (2003) Mw (50  001-40 hyp  BI1000 Hard rock ENA
& Campbell and Mw 4.0-85 0.1-100  hvp B200 Sail, Rock WNA
Bozorgnia (2008)
7  Chiou and Mw 40-85 0.1-100  rup B200 Soil, Rock WNA
Youngs (2008)
& Idriss (2008) Mw 45-85 0.1-200 p B200  Rock Worldwide
9 Somerville et al. Mw 6.0-75 025-100 b B350  Hard rock ENA, CNA
(2001}
10 Spudich etal. (1999)  Mw 50-70 0.5-10 jb Blon  Rock Worldwide
11 Toroetal (1997) Mw 5.0-80 1-35 jb B300  Mid- ENA, CNA
conlinent

Expert Weight. This demonstrates that the Amhl@:}-‘ﬁ et al. (2005) and Somerville et al.
(2001) models agree well with the site condition, followed by Boore and Atkinson (2008),
Abrahamson and Silva (2008), and Atkinson and Boore (2006).

4.2 MCE based on DSHA and RTS

Many small (3 \ M\ 5) and moderate (5\ MY, 7) earthquakes occur in the surrounding
Ulu Padas Area (Fig. 7) without clear association with a known geological fault. In DSHA,
these are considered as background or random earthquakes. Generally. moderate earth-
quakes produce only small ground motion when located more than 50 km from the site.
However, we limit our MCE determinations to the undetermined faults or earthquake
sources within a radius of 160 km of the Ulu Padas Area. Based on historical events, the
closer earthquake to the Ulu Padas Area site 1s a small earthquake (Mb 4.5) with a
hypocentral distance of 45 km in seismic source 2. whereas a moderate earthquake is found
152 km away from the site with Mb 5.2. There is no complete information related to the
style-of-faulting of earthquakes that occurred in seismic source 2. The complete list of
selected earthquakes for DSHA is shown in Table 4.

The RTS may probably occur near the dam site with a magnitude Mb B 4.5. Although
case studies in [COLD (2004) demonstrate the fact that RTS withMb [ 5 occurs for dams
with a water height of 120-130 m, the possibility of having an RTS magnitude of
Mb [ 4.5 at the Ulu Padas Area 1s very low, as the historical earthquake event near the
dam site region indicates the documented absence of such activity. Moreover, this pre-
diction of RTS 1s probably weak as there are very few cases of reverse type-of-faulting
showing RTS (1ICOLD 2004).
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Table 3 Rank of the attenuation model using procedure of Scherbaum et al, (2005)
Mo, Model Expert Equal Random Independence Total Final Rank
weights  weights  weights weights weights  weights
1 Abrahamson and 0.036 0.091 0.042 0.250 0.418 0.105 4
Silva (2008)
2 Ambraseys et al. 0.143 0.091 0.083 0.250 0.568 0.142 1
(20053
3 Atkinson and Boore  0.215 0.091 0.083 0.000 0.389 0.097 3
(2006)
4 Boore and Atkinson  0.072 0.091 0.042 0.250 0.454 0.114 3
(2008)
5 Campbell (2003} 0.054 0.091 0.125 0.000 0.270 0.067 8
6 Campbell and 0.054 0.091 0.083 0.000 0.228 0.057 11
Bozorgnia (2008)
7 Chiou and Youngs 0.034 0.091 0.125 0.000 0.270 0.067 9
(2008)
8 Idnss (2008) 0.107 0.091 0.083 0.000 0.282 0.070 7
9 Somerville et al. 0.081 0.091 0.083 0.250 0.505 0.126 2
(2001)
10 Spudich et al. (1999}  0.024 0.091 0.125 0.000 0.240 0.060 10
11 Toroetal. (1997) 0.161 0.091 0.125 0,000 0.377 0.094 O
Total 1.000 1.000 1.000 1.000 4.000 1.000
(b) 10
g
g Area Sonrce 1
(a) 6.5 7 - Area Source RTS
o —_
6.0 2 6
—— o © B
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Fig. 7 Earthquake distribution and area seismic sources for the mvestigated site in Ulu Padas Area

The prediction of the location of RTS is similarly not well understood as the RTS itself.
In general, cases of RTS present as shallow earthquakes (ICOLD 2004). These events
demonstrate the tendency of a mainshock with a depth 10-20 km (Simpson et al. 1988;
Gupta 2002) for a magnitude exceeding 4. However, RTS as a product of rapid response
tends to have seismicity with a depth of B10 km beneath or near the edges of the reservoir
but with a low magnitude. These RTS cases occurred at Nurek, Monticello, and Manic-3
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Table 4 Seismic sources and the MCE earthquakes for Ulu Padas Area

Source Magnitude Distance Source type Location
1 Mb 4.7 R=145km NE-WS-Normal Ranau
Mb 5.1 R =157 km NE-WS3-Normal Ranau
Mb 54 R=159km NE-SE-Reverse Kundasang
2 Mb 4.5 R=55km NE-SE-Reverse Undetermined
Mb 4.1 =102 km Background Undetermined
Mb 52 R =154 km Background Undetermmed
RTS Mb 4.5 R=104km Background Ulu Padas

dams (Simpson et al. 1988). Delayed response types of RTS often have seismicity with
larger magnitudes and deeper depths (C10 km). with distances sometimes extending to 10
or more km from the reservoir.

For the worst case scenario, we assume that the delayed response tvpe of RTS (Mb 4.5)
will probably occur at a depth of 10 km. Since the RTS earthquake can be occurred in any
point of active fault area near the reservoir, estimation of closest epicentral distance of RTS
is taken based on closest distance from active fault area (RTS8 source) to the site in Ulu
Padas Area. which is assumed to be 3 km. Hence. we predict that the controlling earth-
quake of RTS for the Ulu Padas Area is probably an earthquake Mb 4.5 with a hypocentral
distance of 10.4 km. We added the source area containing the RTS earthquakes, henceforth
RTS source, in between source areas | and 2, which are closer to the site and along the
active fault line near the site where the RTS is assumed to occur. as shown in Fig. 7b.
Using the composite ground motion models, the spectrum accelerations (SA) of the RTS
earthquake at the 50th- and 84th-percentiles were estimated deterministically. The SA of
the RTS earthquake at the 50th-percentile reached 0.1344 g at the PGA. 02860 g at a
period of 0.1 s or SA(0.1 s), and 0.0163 g at a period of 1.0 s. The summary of the
obtained SAs are listed in Table 5 and illustrated n Fig. 8. As expected, the RTS source

Table 5 MCE of DSHA at 84th- and 50th-percentiles (median) values for the investigated site

Source Mag.  Distance Style-of-faulting  PGA (g) SA(0.15)(g) SA(1.0s)(g) Method
1 Mb47 R=145km NE-WS-Normal 0.0065 00139 0.0017 84th-percentile
0.0034  0.0069 (L0008 Median
Mb51 R=157km NE-WS-Normal 00088 00185 0.0033 84th-percentile
0.0047 00094 00016 Median
Mb54 R=159km NE-SE-Reverse 00119 00248 0.0055 84th-percentile
00064 00128 0.0027 Median
2 Mb45 R=355km NE-SE-Reverse 00199 0.0436 0.0035 84th-percentile
0.0102 00212 0.0017 Median
Mb4.1 R=102km Background 0.0057  0.0123 (LO00R 84th-percentile
0.0029  0.0060 0.0004 Median
Mb352 R=154km Background 0.0101 00213 (0.0040 84th-percentile
00034 00109 0.0020 Median
RTS Mb45 R=10.4km Background 0.2727  0.6204 0.0334 84th-percentile

0.1344  0.2860 0.0163 Median




Mat Hazards (2011) 59:237-269 255

(a) DSHA 84th, with dam

— — DSHA 84th, M4.7; R145
DSHA 84th, M5.1: R157
. DSHA 84th, M5.4; R1569

= 1 DSHA 84th, M4.5; REE

bl T DSHA 84th, M4.1; R102

g DSHA 84th, M5.2; R164

=

o

e

S o041

Q

<

E

-

=

Q

S_ 0.01 4

n

0.001 \
0.01 0.1 1 10
Period (s)

(b 10

DSHA 50th, with dam
— — DSHA 50th, M4.7; R145
DSHA 50th, M5.1; R157
DSHA 50th, M5.4; R156%
" - DSHA 50th, M4.5; R56

— DSHA 50th, M4.1; R102
DSHA 50th, M5.2; R154

Spectrum Acceleration (g)

10

Period (s)

Fig. & Comparison spectrum acceleration based on DSHA with and without the effect of large dam: a 84th-
percentile, b 50th-percentile

significantly dominated the seismic hazard of the site in Ulu Padas for the low and high
periods of SA. Thus, the median value was selected as the MCE of DSHA.

4.3 MCE based on PSHA

Seismic source with magnitude (Mb) distribution of 83 events from 1963 to 2008 within
the radius range of 500 km in Ulu Padas Area is as presented in Fig. 7a. It shows that
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earthquake clusters are grouped in hypocentral distances of 200-300 km and 400-300 km.
Very few earthquakes occur within the distance 0-100 km compared with the previous
distance range. The western side of Ulu Padas Area appears to contribute seismicity more
than the eastern side. The earthquake distribution in the site region 1s divided into two area
sources, as shown in Fig. 7b. It has earthquakes with a minimum magnitude of Mwin 4 and
a maximum magnitude of Mu. 6.2 for source 1 and Mua 5.7 for source 2. Both area
sources have low dense scattered distribution of seismicity. In this study, the effect of
catalog completeness of earthquake event to the b-value of Gutenberg—Richter law is
neglected. Area sources 1 and 2 have a Gutenberg—Richter constant of a- and b-values,
namely 4.970 and 0.773, and 5.775 and 0.9805. respectively.

To accommodate the large dam effect in PSHA. we include RTS source using an area
seismic source as discussed previously. The source has Mua 4.5, which 1s based on
predicted RTS. and assumed Mwin 4.0. Moreover, the study has assumed two M 4.1 as the
additional events in order to get the b-value higher than the value in source | and 2. It was
also aimed to reach the annual rate lower than other sources. Hence, 5.371 and 1.188 of
a- and b-values were selected for RTS source. respectively. The annual rates of occurrence
for earthquake magnitude M equal or more than Muin, k(M [ M), for sources 1 and 2
are depicted in Fig. 7b. Based on the bounded exponential recurrence law, the annual rate
of occurrence (km) for area seismic sources | and 2 within the hypocentral distance
RN 500 km 1s found to be very close at 1.512 and 1.539, respectively (Fig. 9). This
explains why the number of earthquake events for both area sources | and 2 1s very close as
well. RTS seismic source is estimated having 1.058 of annual rate within the hypocentral
distance R \ 200 km. In this study. no characteristic occurrence model was emploved as
the maximum magnitude in the area was less than 7.0. The annual rate of earthquake n the
RTS seismic source has lower rate than other seismic sources.

Given that the PSHA was used to evaluate the seismic hazard of the site in Ulu Padas
Area with and without a large dam effect, the analysis was performed twice. The disag-
gregation was conducted using bins of width 0.1 in magnitude, 10 km in hypocentral
distance, and 0.2 in epsilon (e). A number of scenarios are adopted for each case of PSHA
to cover the epistemic uncertainty, as shown in the logic tree in Fig. 6, due to the lack of
seismologic knowledge of the site. We assigned a 0.5 weight to the seismic sources | and 2
for the PSHA case without a large dam effect, and 0.4 for the PSHA case with a large dam
effect. We set the weighted RTS seismic source to 0.2 because 1t has no record of seis-
micity, making it more uncertain than the other sources (Fig. 6). The maximum magnitude
in the RTS seismic source was given a weight of 0.4 for Mb 4.5 and 0.6 for Mb 4.3 because
the RTS Mb 4.5 1s unlikely, as discussed in the previous section, and also to overcome the
uncertainty of excessively increasing the hazard propagated by a short hypocentral distance
(Fig. 6).

The total seismic hazard to the Ulu Padas Area is depicted in Fig. 10. This figure
demonstrates the eleven selected attenuation models contributing to the total seismic
hazard for the site as well. Although we weighted low. the Toro et al. (1997) model
produces a superior PGA hazard to the site. while the Atkinson and Boore (2006) model 15
inferior to the others. Among the attenuation models, the Ambraseys et al. (2005) model
that has the highest weight tends to underestimate and overestimate the PGA hazard
significantly in frequent and rare earthquakes, respectively. This indicates that the
Ambraseys’ model produces a lower ground motion in a low-magnitude (or long-distance)
earthquake and higher ground motion in a high-magnitude (or short-distance) earthquake
than the other attenuation models.
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Figure 11a and b describes the SA of the total hazard at the PGA and a 1.0-s period,
respectively. The PGA with a 10% probability of occurrence within 50 vears of a building
life span (or an earthquake with a return period of 475 vyears) 1s 0.1026 g for the PSHA
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with a large dam effect and 0.0354 g for the PSHA without a large dam effect. The result
with a large dam effect 1s higher than that with the upper bound range of the Global Hazard
Assessment Program, i.e.. 0.040-0.080 g. The earthquake hazard in a 2.475 vears RPE at
the site may probably reach 0.2433 g if we include a large dam effect (RTS), which is
significantly higher than 0.0694 g if the RTS analysis without a large dam effect 1s con-
sidered. In the SA at 1.0-s period. henceforth SA(1.0 s), the total hazard is nearly identical
with the rare earthquakes for both PSHA cases. These results are listed in Table 6,
including the percentage of contribution of each seismic source area to the total seismic
hazard.

Although having a lower maximum magnitude, the seismic source 2 governs the total
hazard in the short-period SA for the PSHA without a large dam effect, as clearly described
in Table 6. On the contrary. the seismic source 1 controls the seismic hazard at the long-
period SA| indicating that the hypocentral distance adds more hazard than the magnitude.
This indication reveals that seismic sources | and 2 were not distorted although the RTS
seismic source was introduced. The effect of a large dam is clearly presented in Table 6
and Fig. 1la, particularly in the short-period SA. The effect 1s not apparent at the long-
period SA for the entire retum periods of earthquake, which 1s replaced by the seismic
source |, as clearly shown in Fig. 11b. The trend is also demonstrated in the uniform
hazard spectrum as illustrated in Fig. 12. The plot shows a sharp contrast in the effect of a
large dam at a period of less than 1.0 s and then supersedes the SA hazard without a large
dam effect, as represented by the comciding lines. indicating that the distant earthquakes
are dominant.

Table 7a and b presents joint magnitude-distance-epsilon (M-R-e) distributions
resulting from the disaggregation of the 5% damped linear elastic SA values at periods of
PGA. 0.1 s, and 1.0 s that correspond to 475 and 2.475 vears RPEs for the investigated site
in Ulu Padas Area with and without large dam effect. The listed values are mode and mean
of joint distribution M~R—e. Herein, the mode values are the central values of the M, R, and
e bins used in the calculations. The disaggregation of the 475 and 2,475 years PGA and
SA(0.1 s) values show that the earthquakes of lower size occurning at shorter distances
dominate the analysis without large dam effect. It means that as the RPE increases, the

Table 6 Spectrum acceleration on the bedrock based on the contribution of seismic sources to the total
seismic hazard of the investigated site

Return peniod  Without dam Return penod With dam
2475 vears (2% 475 years (10% 2475 years (2% 475 years (10%
in 50 vears) in 50 vears) in 50 years) i 50 vears)

(a) Period of PGA

Source 1 00273 g (394%) 0.0143 g(404%) Source 1 00027 g(1.1%) 0.0023 g (2.2%)

Source 2 0.0421 g (60.7%) 0.0211 g(59.6%) Source 2 0.0039 g (1.6%) 0.0035 g (3.4%)
- - Source RTS 002374 g (97 3%) 0.0969 g (94 .4%)

Total 0.0694 ¢ 0.0354 ¢ Total 0.2440 g 0.1026 ¢

(bl Period 1.0 5

Source | 0.0273 g (76.8%) 0.0132 g(74.4%) Source | (0.0208 g (537.1%) 0.0101 g (54.1%)

Source 2 00083 g (23.2%) 00045 g(25.6%) Source 2 0.0062 g (17.1%) 0.0034 g (18.2%)

Source RTS  0.0094 g (25.8%) 0.0052 g (27.7%)
Total 0.0356 g 00177 g Total 0.0365 g 0.0186 g
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Fig. 11 Contribution of seismic sources to the total seismic hazard at period of PGA and 1.0 s
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Fig. 12 Comparison of UHS for 2.475 and 475 vears RPE with and without the effect of large dam at the
investigated site

Table 7 Controlling carthquakes m tripled M-f-e of 2475 and 475 vears RPEs at short and long periods
of uniform hazard spectra (UHS) acceleration on the bedrock: (a) without large dam effect. (b) including

large dam effect
(a)
PGA =0.069 g SA0.1s)=0.140 g SA(1.0s)=0.036g
2,475 Mode M R=130km e=13 M537 R=90km e=13 M6]1 R=19km e=13
3.7
Mean M R=130km e=10 M35 R=120km e=14 M6l R=200km e=12
5.6
PGA =0.035 g SA(0.15)=0.078 g SA(1.05)=0.018 g
475 Mode M R=190km e=09 M57 R=130km e=11 M61 R=19km =15
31
Mean M R=140km e=09 M537 R=130km e=11 M62 R=200km e=14
5.5
(b)
PGA=0244 g SA(0.15)=0588¢g SA{1.0s)=0037 g
2,475 Mode M R =10 km e=07 M43 R=10km e=05 M6l R=19km e=135
4.3
Mean M R=19km e=10 M43 R=17km e=11 M57 R=160km e=13
4.3
PGA=0.103 g SA(015)=0236g SA(1.0s)=0019g
475 Mode M R=12km e=03 M43 R=12km e=04 M6I1 R=190km =07
43
Mean M R=26km e=06 M43 R=24km e=07 M537 R=160km =10
44
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controlling earthquakes become slightly greater in M and occur closer to the investigated
site. However, this is not the case for M—R of SA(1.0 s), which tends to be equal for 475
and 2,475 years RPEs (Table 7b).

The disaggregations are also depicted in the joint distribution graph of M-R for the
2.475 years RPE shown in Fig. 13. The disaggregation plot of the 475 years RPE 1s not
presented because it has an identical trend with the former earthquake. Figure 13a shows
that the 2,475 years SA hazard without a large dam at a period of PGA 1s controlled by
distant earthquakes (from 90 to 190 km) of low to strong magnitude (from A 4.9 to M 6.3).
Larger earthquakes and distant events dominated the SA(1.0 s) value for the same retum
period. This indicates that the predicted RTS triggered by the future large dam would affect
the joint distribution AM-R of total hazard at the site in the Ulu Padas Area, particularly at
short-period SA. which 1s dominated by the lower magnitudes and shorter hypocentral
distances, as indicated in Fig. 13b.

_f///ll_\"'_““-'-u—____‘__ ) Without large dam effect -
a SA(1.0 f2,475 Jreful iod o —
( )“ Without large dam effect 0.1 M E:I ;};1. R_ig?ur.s_r_1 ;“pem £
PGA of 2,475 yrs.return period e
Mode M5.7- R=130; s=1.3 Mear? M G.1; R=200; ==1.2

Mean M 56; R=130; =10

Includes large dam effect

MELORSArgn cam alieet. SA(1.0s) of 2,475 yrs.retum period |[—
PR S Y INNITpared: (e Mode M 6.1; R=190; £=1.5 0
ModeM 4.3; R=10; «=0.7 f Mean M 5.7: R=160; £=1.3
Mean M 4.3; R=19; e=1.0
P

Fig. 13 Disaggregation of seismic hazard for magnitude—distance (M-R) at period of PGA and 1.0 s:
a without large dam effect, b includes large dam effect
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Analyzing mode e behavior with SA penod for 2,475 years RPE does not explain any
particular trend. That is., both values of mode and mean e from the analvsis with and
without large dam neither increase nor decrease regularly with increasing spectral period.
Unlike the mode and mean values of e from PSHA with large dam, mode and mean values
of e from the PSHA without large dam tend to increase as the return period of earthquake
increases. For instance, the mean values of e is in the range of 0.6—1.0, where the e range
means that the dominant ground motions are within 0.4r of the median for a 475 years
RPE. whereas the 2.475 vears RPE 1s in the range of 1.0-1.3. Hence, we can conclude that
the effect of RTS of a large dam probably distorts the increasing trend of mode and mean
values of e. For the 475 years RPE, the local event contributing the most to the SA hazard
with a large dam effect at the PGA period corresponds to the mode scenario, M 4.3,

R = 12 km, and e = 0.3. whereas the 2.475 vears RPE corresponds to a slightly shorter
distance mode scenario, M 4.3, R = 10 km, and e = 0.7. The contribution of the regional
earthquake to the SA hazard at a period of 1.0 s for both cases 1s mainly associated with the
mode and mean scenarios having magnitudes of 5.7-6.2 at distances between 160 and

200 km.
4.4 Effect of large dam on the maximum design earthquake

We compared the MCEs from the PSHA (SA in Table 7) and DSHA (Table 5) to define
the MDE (McGuire 2001). For brevity, the SA of the governed MCE are presented in one
graph. as shown in Fig. 14, indicating that the SA at the PGA period are generally similar
to the DSHA with a large dam at the 84th-percentile and the 2475 vyears RPE, ie,
0.2727 g and 0.2440, respectively. The trend is the same for SA at a longer penod of up to
1.0 s. This indicates that the predicted RTS earthquake, Mb 4.5 and R = 10.4 km, will
probably occur at a return period longer than 2 475 years or have more than 2.0% of
the probability of exceedance within a 50-year building life span. Without a large dam, the
DSHA controlling earthquake, Mb 4.5 and R = 55 km. seems to be more frequent than the
475 years earthquake, Mw 4.3 and R = 12 km. This earthquake trend tends to occur rarely
at more than 1.0 s of the SA period when compared with the seismic hazard that considers
a large dam effect. The median SA, or the 50th-percentile, has a similar pattern to the SA at
the 84th-percentile. using the 475 vears earthquake as the point of comparison. The median

Fig. 14 Comparison of 10
spectrum acceleration of UHS —— gg:: S E::}hh ﬂ{
and DSHA at 84th- and 30th- - —a— DSHA 84th
percentiles with and without the =2 _ﬁ_zn,i;l:yf:ﬂHs {with dam)
effect of large dam E 11 o 475 yrs UHS (with dam)

= 2,475 yrs UHS

o0 G 475 yis UHS

L

[
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E

g i
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SA of DSHA probably has a RPE of between 475 and 2,475 years. The analysis without a
large dam gives the PGA range of 0.022-0.034 g for the 475 and 2,475 years earthquakes,
respectively. In contrast, it is almost twice as high as the 84th-percentile DSHA at a range
of 0.006-0.020 g.

The effect of a large dam 1s significantly apparent in the selection of MCE as the
MDE. Without a large dam, the seismic hazard at a site 1s govemned by the MCE from
the 2,475 and 475 years RPEs, which adversely poses a seismic hazard for a site that
may have a large dam in the future. In this case, the MCE earthquakes at the 84th-and
50th-percentiles of the DSHA control the seismic hazard. Nevertheless, both conditions
of having and without a large dam need to be considered in the selection of the MDE for
regular structures, e.g.. apartment, offices, school, and bnidges because the seismic hazard
at a longer period SA (i.e., more than 1.0 s) governs the seismic hazard without a large
dam or distant earthquakes. Based on this condition, the MDE 1s selected from the MCE
of DSHA at the median for the SA at a period of less than 1.0 s, whereas the SA of the
475 years RPE 1s selected for the MDE at a period of more than 1.0 s, as illustrated in
Fig. 15. This MDE governs the seismic hazard, regardless of the presence of a large
dam.

In most assessments of moderate to high seismic hazard regions, MCE value based on
Wells and Coppersmith (1994) or Hanks and Bakun (2002) empirical relationships
(DSHA) 1s superior compared with the PSHA results and earthquake due to RTS (having a
large dam). However, these are not absolute conditions for all of seismic hazard analysis
cases, as discussed in the previous section. For a low seismic and stable region. especially
the region with very insufficient active fault data (no data of slip rate and rupture length/
width/area), the case of MDE may be posed differently (McGarr et al. 2002; Wieland 2004;
ICOLD 2004), such as at the investigated site in Ulu Padas Area of Northem Borneo region
as demonstrated in this study.

Fig. 15 Spectrum accelerations 1000
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4.5 Effect of the large dam on the selection of ground motion

We selected the ground motion records from ISESD (Ambraseys et al. 2001) and PEER
(2000) to represent the seismic regions with and without a large dam, as shown in Table 8.
The selection was based on the seismologic source parameters, namely magnitude (4.0—
6.0), hypocentral distance (40-160 km), sedimentary rock or general rock site con- dition
with shear wave velocity ranging from 600-800 m/s, and normal or reverse style-of-
faulting. All selected time history accelerations were recorded from six earthquake events
sourced from California, USA. Turkey, Italy. and Greece. There was no strong motion
record that could represent the normal or reverse mechanism of distant earthquakes M \ 5
and distance R | 100 km. It is obvious since the available records are mostly sourced from
strong motion-type equipment that can be triggered for recording only by a strong-enough
ground movement. This kind of weak tremor is hard to find at a rock site condition,
especially when the motion sourced from the distant earthquake has a magnitude of less
than 5.

Figure 16 shows the time history accelerations of the selected strong motions after they
were spectrum-matched to the MDE SA. The matched-motion sourced from the distant
earthquake to represent the earthquake motion sourced from the area with no large dam is
shown on the left-hand side column (Fig. 16a). The RTS earthquake is represented by a
suite of matched-motions on the right-hand side (Fig. 16b). The number at the top right-
hand comer of each plot indicates the sequence number in Table 8. The figure clearly

Table & Selected ground motion records for the investigated site

Mo. Data from/ Recorded station Date PGA M R Dur.  Style-of-
carthquake (z) (km) (s) faulting
namae

fa) Distant earthquakes represent earthquakes in currenf condition

1 ESD/Tzmit LDEO D0531 1171199 00376 Mw3.6 3520 1348 Reverse
{aftershock) (EW

2 ESD/Tzmit LDEO D0531 11/1199 00298 MwS.6 520 1348 Reverse
(aftershock) (NS)

3 PEER/W hittier Malibu/A-MAT 180 01/10V87 00480 Ms57 653 1883 Reverse
MNarrows

4 PEER/W hittier Vasquez Rocks Park/  O1/10/87 00598 Ms57 524 1135 Reverse
Marrows A-VARID

5 PEER/Whittier Vasquez Rocks Park/  OL/1OVET 00600 Ms57 524 11.56 Reverse
Narrows A-VASOD

(b} Near-field low-magnitude earthquakes represent RTS earthquakes

6 ESD/Friuli Breginj-Fabrika IGLT  18/04/79 0.0387 Mw 46 16 374 Reverse

(WE)
7 ESDY/Friuli Breginj-Fabrika IGLI  18/04/79 00852 Mw 4.6 16 298 Reverse
(NS)

8  ESDVGulf of Coninth  Aigio-Military 22/0297 0038 Mw42 13 569 Normal
{aftersh.) Factory (Trans)

9 PEER/Anza Pinyot Flat 5044 2500280 01100 Mw49 120 327 Normal
(Horse Cany) (PFT043)

100 PEER/Anza Pinyot Flat 5044 2500280 01310 Mw49 120 2,17 Normal
{(Horse Cany) (PFT135)
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Fig. 16 Selected ground motions for the investigated site after MDE spectrum-matched: 3 for condition
with no large dam, b for condition with large dam

indicates that the near-field motion has a shorter duration and a higher amplitude than the
distant motion, as listed in Table 8. In this case. the near-field low-magnitude earthquakes
only converged with the MDE spectra using the matched-spectrum method at an average
peniod lower than 0.7 s, whereas a distant earthquake converged with the spectra at a
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period of up to 2.0 s. This indicates that a near-field low-magnitude earthquake has nch
higher frequency than a distant earthquake.

In structural engineering, particularly for flexible structures (defined as those having a
fundamental period greater than 1.0 s), the effect of a large dam on the seismic hazard may
not be apparent compared with the condition without a large dam. This shows that the
existing rigid structures (buildings with a fundamental period lesser than 1.0 s) at the site
are those that will be very vulnerable if a large dam will be constructed close to the active
fault, because most of these structures were built based on the gravity load design using the
British Standard. The regular brick-masonry houses, which are normally non-engineered
constructions, are especially vulnerable. The seismic hazard discussed in this study is PGA
on the bedrock (or rock) that does not include the local site effect. The local site effect may
increase the PGA because of the soil effect. surface topography effect, and basin effect. For
instance, the local soil at the site may amplify the motion up to 1.6 times the PGA on the
bedrock according to Eurocode 8, and the crest of a ndge mav amplify the average
acceleration of about 2.5 times the average base acceleration (Kramer 1996). These are
clearly not good signs for a regular building at the investigated site.

5 Conclusion

This study addressed the issue of whether any escalation of the seismic hazard could
transpire in a low seismic region where a large dam may be constructed in the future. The
seismic hazard 1s dedicated to a seismic design and assessment of a regular building at the
site. The Ulu Padas Area in Northern Borneo 1s selected as a low seismic region that has a
documented absence of earthquake history. We ran PSHA and DSHA in accordance with
the RTS analysis to define the MCE and then determined the MDE. The large dam i1s
assumed to have a water volume of 700-1,000 © 10° m*® with a water level height of
120 m.

The surrounding Ulu Padas Area can be classified as a background seismic source area
and can be divided into two source areas, namely source areas 1 and 2. These seismic
sources propagate tremors on the site bedrock with a PGA ranging from 0.0029 to 0.0102 g
based on the DSHA result at the median or 50th-percentile in their earthquake histories and
are associated with low to moderate earthquake events, Mb 4.1-5.4, with 55-159 km
hypocentral distances. The composite model from 11 ground motion models 1s employed
in this case. The seismic hazard in the Ulu Padas Area, particularly in the investigated site,
may increase to about 13 times based on the DSHA when a large dam 1s built near the fault
line due to a predicted Mb 4.5 earthquake at a hypocentral distance of 10.4 km sourced
from the RTS phenomenon. In the 84th-percentile of the DSHA or considering the worst
case scenario, the reservoir could trigger a PGA of 0.2727 g on the bedrock of the
mvestigated site.

Based on the PSHA. the seismic source areas 1 and 2 in the surrounding Ulu Padas Area
have (0.773 and 0.9805 b-values of the Gutenberg—Richter constant, respectively, whereas
the b-value of the RTS source is assumed to be 1.188. The annual rate of occurrence for
source areas 1 and 2 is very close to each other and are higher than that of the RTS source.
Based on the regional earthquake history. the maximum magnitude for source areas 1 and 2
and the RTS source are 6.2, 5.7, and 4.5, respectively, whereas the mimimum magnitude 1s
4.0 for all sources. The analysis reveals that a 475 years RPE could produce 0.0354 g of
PGA on the bedrock in the current seismic hazard level and could be increased to 2.9 times
when propagated by an RTS earthquake when a future large dam 1s built. However, the
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effect of a large dam on the seismic hazard may not be visible at periods of SA longer than
1.0 s. As the consequence, the MDE can be affected significantly by the future existence of
a large dam. Therefore, the SA of the MDE for a regular building with a period of less than
1.0 s must be taken from the median value of the DSHA. Moreover. the SA of a 475 years
RPE from the current condition (without a large dam effect) must also be considered as the
MDE, particularly at SA periods of more than 1.0 s. Consequently, this affects the
selection of the ground motion for the seismic design and assessment of regular buildings.
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