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In this study, thE“seis 3 & Thailand are analyzed. Fifty-five

active fault zones i remote=sensintanekout of those twenty-one seismic
source zones are > ‘earth g dke Sources. The earthquake potential
parameters used ' efved {ro ( active fault and earthquake

catalogues. The str, 1 HoR uationymedels are selected by comparison
of the application ith strong ground-motion data
recorded in Thailand probabilistic (PSHA) approaches
are employed in this SH seismic hazards in areas dominated
by active fault zones such as-rRortherr ern, and southern Thailand. The DSHA
map reveals seigril e PGA values for 50 year in
these areas are«g probability of exceedance,
respectively. For I& d) SHA up to 3g in case of 2%

probability of exceedénee in 50 year ac@erding to the Sumatra-Andaman Subduction

Zone. Com@f :UV&I q mvﬁmﬁ twsﬁﬂ tﬂ gdv are higher than those

proposed prewousy However, ¢his SHA comgatible with theypast ground shaking
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CHAPTER |
INTRODUCTION

1.1 Theme and Background
On 26" December 2004, tsunami triggered by the great Sumatra—Andaman

earthquake hit coastal communities around the Indian Ocean and killed more than

283,100 people (USGS, 2005). / is Mw 9.0 earthquake (Martin, 2005)

caused ground shaking in ‘ ) source including Thailand (Figure
1.1). These devastations & t 'ﬁﬁscale and social impact and has
subsequently aroused a large-ntmber es .g., Dewey et al., 2007; Geist et

al., 2007; Hanson et al., 2007) 10 i ize the need for assessment of the natural

hazard in this region parti ¥ id t8una and sei c (i.e. earthquake) hazards.

10°

’.".'ndfarr Ccean
A .EI
" o
I n
q - SUMﬁndam Eamum SRL. h’ol 76, No.3, 2005,
! ﬁ@ _ j |
Mot felt | Weak Light | Moderats | Strong | Wery strong Severs Yialent Extreme

rone none none Wary light Light Moderate | ModerateHeawy Heavy | Very Heavy

Figure 1.1. Map showing location of the Mw 9.0 Sumatra-Andaman shock (red star)
and the area over which it was felt. Colored shades depict the maximum

observed European Macro-seismic Scale intensity (Martin, 2005).



Up to the present, several methods of earthquake studies are developed. The
final goal is an attempt to forecast the impending earthquakes in the long-term (years),
intermediate-term (months-year), or even short-term (days-month) (Shebalin, 2006)
(Table 1.1). Most methods inform approximately the time, location, or size of
earthquakes that may occur in the future. However, this information doesn’t solve exactly
the critical impact of the earthquake to the public (e.g., ground shaking, liquefaction,
landslide, and sink hole). Among these methods, "seismic hazard analysis (SHA)” is the
unique one allowed to predict directly the‘possible ground shaking that may pose in
individual areas when thewearthquakes ocecur-in-the future anywhere and anytime
(Cornell, 1968). Thus, thiswthesis research focuses mainly on the evaluation of

earthquake ground shakingfin Fhailand ar"_ud adjacent areas by using this SHA method.

i

Table 1.1. State of the‘art offthe ear_t_hq:uaké?‘p;‘ediction (modified after Shebalin, 2006).

Method Referéﬂce

A. Long-term (years) ' f '

A1. Paleo-seismological study /- : .-MI\/ICCaIpm;'(_J;996); Pailoplee et al. (2009a)
A2. Historical study ek McCue:;(EﬁQél); Stirling and Petersen (2006)
A3. Seismic hazard ah;élysis Kramer (1996): Pailop;l';ee et al. (2009b)
A4. Global positionin;g‘ éystem Yagi et al. (2001); Fuafd Sun (2006)

B. Intermediate-term (months-year)

B1. b-value anomaly Nuaanin-et al. (2004)

B2. Fractal dimension Maryanto and Mulyana (2008)

B3. Artificial neural network Bodri (2001);"Alves.(2006)

B4. Coulomb 'stress failure Du and Sykes (2001);-Bufe(2006)

C. Short-term (days-month)

C1. Animal perception Kirschvink (2000)

C2. Characteristic of cloud Simons (2008)

C3. Ground water fluctuation Oki and Hiraga (1988)

C4. Radon fluctuation Zmazek et al. (2000)




1.2 Study Area
The area for the SHA is located between latitudes 5°N-21°N and longitudes 96°E-

106°E and covers overall Thailand territory and some parts of the neighborhood
countries. In practical, not only the earthquakes located within Thailand cause ground
shaking to this region, but also the earthquakes in surrounding areas, such as Myanmar,

Laos, Andaman-Nicobar Islands, or even Sumatra Island, can generate the earthquake

Uf e site of SHA interest should be

;@ground shaking to the site. This

earthquake source spreads out to the

ground shaking that propagat iland. Empirically, Das et al. (2006)
recommended that 300-km
investigated for the earth
study, therefore, boun

latitude 0°N-29°N and lonagi

Figure 1.2. Map of Thailand and neighborhood countries showing the study area for
SHA (inner box with solid line) and the area which the earthquake sources

are investigated (outer box with dash line).



1.3 Literature Reviews

The previous seismic hazard investigation in the study area is reviewed. This
information can guide about how to find out seismic sources and what kinds of specific
equations and models are useful and suitable for this study. In this section, the
outstanding previous works concerning with the seismic hazard analysis from global,
regional and local scales are carefully investigated.

Giardini et al. (1999) complied the seismic hazard map in the global scale based
on the Peak Ground Acceleration (PGA) (in uni m/sec2). The map depicts the seismic
hazard as 10% probability.of.exceedance in 50.years.(Figure 1.3). The levels of ground
shaking are determined in the«rock site condition. The highest seismic hazard occur in
the areas where have begn, or are like'ly to be, the sites of major plate boundaries
(Figure 1.3a). For ThailandgSeismic/hazard levels are around 0.8-1.6 m/sec’ for northern
and western parts whereas the rests areTiIIy,strated in 0-0.4 m/sec’ (Figure 2b). The
neighborhood countriessare posed by themJ hlgher seismic hazard such as the central
region of Myanmar (4-4.5 m/sec ) and Sumatr@ Island of Indonesia (1.6-3.2 m/sec )

o Y
Recently, Petersen et al.n._“ (2004) eva[uKa_tgd the seismic hazard for the Sumatra

Island, Indonesia with calculating in a probabilistic framework. Four regional seismic

source zones were integrated with the inland-active faults‘-a_long the Sumatra Island in

order to evaluate thé potential of earthquake sources (Figuré 1.4a). The strong ground-
motion attenuation model proposed by Youngs et al. (1997) was modified for Sumatra-
Andaman Subduction Zone.earthguakes when compared with the strong ground-motion
data occupied by ‘the™Global ‘Digital Seismic’ Network'(GDSN) in Malaysia and the
Singapore _Seismic_Network (Figure. 1.4b). For the shallow crustal earthquakes (i.e.
earthquakes ‘generated by inland active faults), the strong’ ground-metion attenuation
model developed by Sadigh et al. (1997) was applied in this study. The seismic hazard
maps reveal 2% and 10% probability of exceedance in 50 years for rock site condition.
Consequently, the seismic hazard maps (Figure 1.5) reveal that the ground
motions across Sumatra range between about 6%g and 100%g for 10% probability of
exceedance (g is the gravitational acceleration = 9.81 m/sec’ as a result of 6%g and

100% is equal to 0.06g and 1g, respectively) and between about 10%g (i.e., 0.1g) up to



160%g (i.e., 1.69) for 2% probability of exceedance. Moreover, they concluded that the

largest earthquake contributor to seismic hazard is the Sumatra Fault Zone.

ohi. Vil L 1abl ﬁ

Bandar S¢
A

Figure 1.3. a) Global probabilistic seismic hazard map with a 10% probability of
exceedance in 50 years (Giardini et al., 1999). Inserted box (in black) is

Figure b. b) enlarged hazard map of Thailand and adjoining regions.
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Wanitchai and Lisantono (1 s f roposed the first seismic hazard

: Wf?@? ' _ .
map for Thailand in term of p"%ebablhty ceedance. The analysis started with
'FJ“: ; , ". j'

evaluation the earthqjke potenf’arf“ém ;‘11 seismic sm fones proposed by Nutalaya

et al. (1985) by us\fw‘ - Imental earthquake records)

reported by Nutalaya et al. (1985) (Fi e str@g ground-motion attenuation

model proposed by Esteua&nd Villaverde ( VS was compromised to be the average

arouncsnainEe Sl B PRIV T IS 7o i Fiure 1.0 ater

comparing the #r!)dels proposed for‘gUSA and EurgEe regions Flg&ﬁ 1.6b). The PSHA
was e@u%ﬁoﬁa@ﬂﬁ%l%%?@eﬁ %}@@Zﬁrjell, 1968). The
obtained results are presented by a map showing contours of the expected PGA with a
10% chance of being exceeded in a 50 years. The map indicates the PGA in the range
0.08-0.25¢g in western and northern Thailand and the hazard decrease eastward and
southward to 0 (Figure 1.7). The maximum hazard levels showed in this map are 0.45g
which is located in Lao country, close to northern Thailand. Wanitchai and Lisantono
(1996) also categorized the seismic hazard level in according to the U.S. Uniform

Building Code (UBC) (Whittier, 1988). Northern and western Thailand are classified as



the moderate and moderately high seismic hazard zones equivalent to zone 2B and 3

respectively (Figure 1.7).

Focal depth =25 km.
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Figure 1.6. a) Twelve regiona eisgyﬁ«.‘s’c’iu ce zone za‘]e A-L) in Thailand and adjacent

ol

areas and epiontréj{@iﬁbﬂ@ earthquakes recorded during 1910-
2001 based on the work of Nuldlayaiet al. (1985); b) Graph showing the

strong grol ttenuation '-“-."'-"'-’-' the best estimate by
Wanitchai j"jd Lisantono (1996 ﬁ Villaverde (1973)’s model is
& , r

illustrated in"the dot line.

AU NN AN T o

After thq_]seismm hazard map in

M) W41 i (13
2005)3p sed ther kind of sei haz rdr:;p f lan | he“geological point

of view based on compilation of tectonic setting, active faults, and seismicity data. The

proposed map categorized the seismic hazard in Thailand into 4 levels of the Modified
Mercalli Intensity (MMI) scale (Figure 1.8). The map shows the highest seismic hazard in
northern, western throughout southern part of Thailand (zones 2a and 2b). In contrast,
the northeastern part and some of the central part of Thailand are classified to be the

low seismic hazard region (zones 0 and 1).
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50 year, and seismic hazard zone for earthquake-resistant design based on
the UBC code (Wanitchai and Lisantono, 1996). Note that southern

peninsular Thailand was given as zone 0 in their report.
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Seismic Hazard Map of Thailand
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Figure 1.8. Seismic hazard map of Thailand showing in different colors represented
difference seismic hazard levels in the scale of Modified Mercalli Intensity

(MMI) (Department of Mineral Resources, 2005).
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Subsequently, Palasri (2006) re-investigated the seismic hazard in Thailand and
neighborhood areas in term of the probabilistic approach by using the more up-to-date
instrumental earthquake records (A.D. 2003-2006) from the Thai Meteorological
Department (TMD) and US Geological Survey (USGS). The new seismic source zones
proposed by Charusiri et al. (2005) were applied to be the earthquake sources in this

study (Figure 1.9a).

a N 9 Abrahamson & Silva (1997)
Ty | === Boore et al.(1997)
g 10 Sadigh et al. (1997)
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Figure 1.9. a) Twenty“ane seismic source zones (zone A-U) in Thailand and adjacent
areas based on the work of Charusiri et al. (2005). The capital letters are the
zone{code describedsinsTable 4:1; b) Graphs showing relationship between
the" strong “ground-motion "attenuation “relationships and strong ground-
motion _data, observed. Dy. the Thai ‘Meteorological Départment (Palasri,

2006).

For strong ground-motion attenuation, Palasri (2006) followed the Petersen et al.
(2004)'s model for the earthquakes occur along the Sumatra-Andaman region. For the
shallow crustal earthquakes, Palasri (2006) proposed the new strong ground-motion
attenuation which is different from that used in Wanitchai and Lisantono (1996)’s work.

Palasri (2006) compared some of the strong ground-motion proposed previously for the
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foreign regions with the strong-ground motion data which recorded by the Thai
Meteorological Department (TMD)’s network. The single earthquake event which
generated the ground motion is the Mw 5.1 earthquake which occurred in 13"
December 2006 at Mae Rim district, Chiang Mai province, Thailand. The strong ground-
motion attenuation model proposed by Sadigh et al. (1997) was selected to represent

the attenuation characteristic of shallow crustal earthquakes in this region (Figure 1.9b).

The map of 10% probability of ex Qil

t[? 50 years indicates the PGA around 0.2-

0.3g in western and northern %@- | . For 2% probability of exceedance
— —
(Figure 1.10b), the PGA increases up tortwice from-the 10% probability of exceedance

for most areas. _' .-

18°E7

Nicobar Islands

2% probability
of exceedance in the 50-year return period (Palasri, 2006). Note that no

hazard in southern peninsular Thailand.

Finally, Petersen et al. (2007) updated the Petersen et al. (2004)’s seismic
hazard analysis model for Southeast Asia region by revising earthquake catalogs,

developing new seismo-tectonic models, and implementing new fault data within and
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close to Thailand (Figure 1.11). For 2% probabilities of exceedance in 50 years, the
results reveal the seismic hazard level 10-20%g (0.1-0.2g) in regional Thailand territory
(Figure 1.12b). The specific high hazard levels in Thailand are located in the western
part at Three Pagoda Fault Zone and some area nearby the fault zones in northern
Thailand. The hazard levels in the area nearby these fault zones are around 25-30%g
(0.25-0.3g) whereas the seismic hazard levels analyzed along the Sagiang Fault, central

Myanmar and Sumatra Fault, Su

110%g (1.1g). For 10% pr in 50 years, the PGA decrease

spatially to 50% compar map of ,ﬁility of exceedance in 50 years

(Figure 1.12a). -

‘ ' reveals the ground shaking rise up to
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Figure 1.11. Map of seismic source zones (grey lines) including the active faults (yellow
lines) and plate boundary/major faults (purple lines) that were considered

for the seismic hazard analysis (Petersen et al., 2007).
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1.4 Objectives

From the previos the assumptions and models

I _
are still suspect and nszerfectly clear. For instance, two earlier workers (i.e. Wanitchai

and Lisanton EI T ﬁproaoh to analyze the
seismic hazardaby usmg only the mstrumental earthquake records to determine the

1210 £ 1200 s

The time span covered by instrumental records is too short to represent the behavior of

earthquake activity, in particular the large-size ones (Yeats et. al., 1996). Therefore,
there is a need to redefine the SHA in Thailand and adjacent areas. More observations
of earthquake sources and earthquake potentials are required and the strong ground-
motion attenuation behaviors of the earthquakes are encouraged. The objectives show

consecutively in detail as following:
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- Toinvestigate the paleo-seismology in some sites of interest;

- To compile the earthquake sources which cause ground shaking to the study
area;

- To evaluate the earthquake potentials of individual sources from both geological
(i.e. paleo-seismological) and seismological (i.e. instrumental) data;

- To refine the ground-motion attenuation models and select the appropriated

models for the study area;

date and more accurate

&

.'I
|
i
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CHAPTER I
CONCEPT AND METHODOLOGY

2.1 Concept

Seismic Hazard Analysis (SHA) involves the quantitative estimation of
earthquake ground shaking at a particular site (Kramer, 1996). By definition, “seismic
hazard analysis” and “seismic risk analysis” are totally different. Seismic hazard
describes phenomena and harm generated by.earthquakes that can be evaluated from
instrumental, historical, and-geological epservations;-but seismic risk is the likelihood of
human experiencing a specified leVel of seismic hazard in a given time exposure (see
more details in Wang, 2006): High seismi&f hazard, therefore, does not necessarily mean
high seismic risk. At preseat, the concept of SHA widely used nowadays (Kramer, 1996)
can be divided into 2 eonceptsias shoWn kj?élqu;

2.1.1 Deterministic seismic hazard gnalysis (DSHA)

DSHA developed by Cos-'ta:- et al.-__';(1;992, 1993) and subsequently applied to

o [F
several regions of the world (€.g:, Or_ozov—Sta_r,ﬁ__s;_hkova et al., 1996; Radulian et al., 1999;
Alvarez et al., 1999; Panza et ak; 1999, Aoudia gtal., 2000). The DSHA aims at finding

the maximum grour}d_{shaking as possible at a given si;t'e',in which effects from the

largest earthquake éxb_ected (also termed as Maximum érédible Earthquakes- MCESs)
(Anderson et al., 2000). This assumption ensures that“a structure can withstand the
MCEs, it will automatically’withstand all other'(i.e. smaller) earthquakes as well. For this
purpose, the methodelogy of DSHA'is described in the following(see also Figure 2.1);

1. ldentification and characterization of all earthquake sourcés, such as 1) point
source (e.gJ cluster of earthquake swarms in thelvolcanicigruption area), 2) line
source (e.g. active fault lines), and 3) area source (e.g. seismic source zones
which the epicentral earthquake distributions don’'t associated with specific
faults) capable of producing significant ground motion in the study area. Source
characterization includes definition of each earthquake source and the MCEs

(step 1 in Figure 2.1).
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2. Evaluation of the source-to-site distances for individual earthquake source. In
DSHA, the shortest distance between the earthquake source and the site of
interest is selected (step 2 in Figure 2.1).

3. Selection of the controlling earthquake (i.e. the earthquake that is expected to
produce the strongest level of ground shaking or ground motion) at the site. This

selection is made by comparing the levels of MCES as identify in step 1

assumed to occur at th t /distance as identified in step 2. Its

characteristics are uk ﬂe empirical strong ground-motion

attenuation mode rese__’\ts t |ng ground shaking level when

the source-to-site di in Flgure 2.1).

4. Definition of the

F:iz‘o?z:;@MJ MY ‘ﬂ TN ﬁ
QW'] ANIRIY NWTJSWE']QUE]

s
PGA 1

PGA = PGA 2

max

PGA (g)

PGA 3 R3 1

Distance (km)

Figure 2.1. Four steps of a deterministic seismic hazard analysis (Kramer, 1996).
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2.1.2 Probabilistic seismic hazard analysis (PSHA)

A PSHA is an evaluation of the ground shaking that will be exceeded at a

specified annual frequency or probability (Cornell, 1968). The inputs to a PSHA are the

same as those used in DSHA plus the assessment of the frequency of earthquake

occurrences and the probability of the possible source-to-site distance. The following

steps are taken in a PSHA which is somewhat similar to a deterministic analysis (see

also Figure 2.2);

1.

The first step, identification and c¢haracterization of earthquake sources, is
identical to the first.step-of the BSHA, except.that the probability distribution of
potential rupture  locations  within the earthquake source must also be
characterized. In mest eases, un'jform probability distributions are assigned to
individual sourCe zenes, implying that earthquakes are equally likely to occur at
any point within"thefearthquake sc_):fjrge. These distributions are then combined
with the source geomety to obtain{at_he corresponding probability distribution of

L

the source-to-site distance (étep 1 |n f—:ig'ure 2.2).
id o Y

Next, the temporal _gistdbution 'jqf.;_):iearthquake occurrences must be

characterized. The earthquake freqﬁe_p'gx—magnitude relationship is used to

characterize,the earthquake potential of individual;"’ea‘rthquake source (step 2 in

Figure 2.2).

The ground motion produced at the site by an earthquake of any possible size
occurring at any possible, point, in each ;source-zone must be determined with
the use .of the "empirical 'strong ground motion ‘attenuation model as used in
DSHA. Furthermore, the uncertainty (1“-standard deviation,. 1SD) in the
attenuation‘model is also considered in the PSHA!(step 3 in'Rigure 2.2).

Finally, the uncertainties in earthquake location, earthquake size, and ground
motion parameter prediction are combined to obtain the probability that the
ground shaking level will be exceeded during a particular PGA (step 4 in Figure

2.2).
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Figure 2.2. Four steps offa probabilistic seiSr_nic hazard analysis (Kramer, 1996).

2.2 Methodology

Sk

For both DSHA and PSHA in this research the required input data and models
that are recogmzed ane the characterlstlcs of tr}e earthquake sources and the ground-
shaking attenuation. o earthquake source, the location, ge,o‘metry, including the nature
of earthquake occurrence in individual sources has to be clarified. For instance, some
sources generated frequentlsthe small- to medium-size earthquakes whereas the others
released only the largessize ones in[the longreturn period. M@reaver, in individual areas,
the regional tectonic and geologict settings aregvaried. This difference causes the
specific’ characteristics, of the ground.shaking attenuation when the seismic wave
propagates through the medium. All of these understandings are necessary for this
SHA. The details are described consecutively as shown below (see also Figure 2.3).

2.2.1 Paleo-seismological investigation

This procedure focuses on geological investigations (i.e. paleo-seismology)

according to the method proposed by McCalpin (1996) (step 1 in Figure 2.3). A site of

interest is selected for paleo-seismological investigation. The results are described in
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stratigraphy associated with faulting. Simultaneous Thermoluminescence and AMS-
radiocarbon dating are determined to constrain the dates of paleo-seismological results
such as sip rates of the paleo-earthquakes.

Moreover, all possible active faults that may affect the study area are complied.
The active fault lines proposed in the previous published maps and documents are re-
interpreted by using enhanced remote sensing data. The paleo-seismological

parameters for SHA are carefully summarized from the previous publications.
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Figure 2.3. Simplified flow chart showing the methodology applied in this study.
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2.2.2 Seismicity investigation

To determine the earthquake source potentials, not only the paleo-seismological
data but also the seismicity data which reported in the earthquake catalogues, are
required. Beside the paleo-seismological data which represent the long-recurrence and
large-size earthquake, the seismicity data are always useful for understanding the short-
recurrence of the small- to medium-size earthquakes. In the past, the obtained original
earthquake catalogues has been recorded, non-systematically in practice, those data
are, therefore, un-reliable and not availablefor.evaluation of earthquake source
potential. As a result, before-evaluation'of earthquake source potential, the obtained
earthquake catalogue must_ e improved. In this SHA, the improved methodology
following Caceres and Kulhanek (2000) a'J[e applied as shown in step 2 in Figure 2.3 and
described in more detail in€hapter I = = ©

2.2.3 Strong groeund-motion _.attenuéﬁiqn

As well as earthQuake source deépr}bed in two previous procedures, strong
ground-motion attenuation madels ére esséﬁtiél for SHA. Thus this procedure focuses
mainly on the investigation of, “thné_ilstroné?&gj@gnd—motion attenuation models which

represent the ground motion:(_:haracteristio?n_- the study area (step 3 in Figure 2.3).

Different attenuation models for subduction earthquake and_shallow crustal earthquake

are carefully considért—;d_ by using the strong ground-motion’rdata occupied the TMD.

2.2.4 Seismic hazard analysis

In this procedure; thesdata and models obtained from the previous procedures
are integrated to calculate the seismic hazard. According to lacking data of the soft soil
related with ground shaking amplification, this seismic hazard is, therefore, investigated
in the rock site conditien.| Bothh DSHA ;and PSHA scenario are applied!in this study in
order to use the advantages of both approaches (step 4 in Figure 2.3). For the time-
independent DSHA, the worst-case of possible ground shaking is mapped in each area.
Meanwhile different ground shaking levels depending on the specific time span of
interest are mapped in PSHA. In individual time periods, PSHA maps are described,

additionally, in 2 well known formats:
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1. Map showing the ground shaking (in g unit) in individual % probability of
exceedance and

2. Map showing the probability (in % unit) of ground shaking that is equal or larger
than each ground shaking in the Modified Mercalli Intensity (MMI).
The former format is useful for engineering to decide the earthquake-resistant

coefficient in the infrastructure construction whereas the latter is convenient in public

hazards.
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CHAPTER Il
PALEO-SEISMOLOGICAL INVESTIGATION

At present, it is accepted worldwide that paleo-seismological information is
essential for evaluating the potential of earthquake source in SHA (Atakan et al., 2001;
Gurpinar, 2005). This information obtained from active fault study can bridge the gap
between instrumental and pre-instrumental data because active fault investigation can
identify the large earthquakes which cannetsbesrecorded in the instrumental or even
historical time span. The accuracy of the paleo-seismological studies depends largely
on the reliability of the scientifie dating which constrains not only ages of faulting but
also rates of fault slips .and earthquLaKe recurrences. This chapter provides a
perspective on paleo-seismological jnves_tLig.ations which fulfill the analysis in SHA. The
detailed description is_shown conse_eutively below (see also step 1 in Figure 2.3);

J

dad

3.1 Literature Review

Even though no obviods’ suﬁabé'-féulting earthquakes have been well
documented in Thailand or natlonhood area Jdwrde spread evidence of Holocene surface
deformation, however, has been recognrzed’ by Bott et al. (1997) and Fenton et al.,

(1997). The only surface rupture by faulting was reported by Nutalaya et al. (1985) after

the large earthquake i _22 April 1983. From past two decades, some of the earthquake
fault maps were proposed in this area.

The pioneer work‘isithat of Chuaviroj41991) who proposed the major fault zones
in Thailand based on field and satellite image investigations.|Tatally, 13 fault zones are
proposed (Figure 3.1); Pattani (PT), Klang (KL), Kleng Marui (KM), €hiang Saen (CS) or
Mae Chan, Mae Ping“(MP), Mae Sariang' (MS), Mae Tha (MT),"Nam Pard (NP) or
Uttaradit, Petchabun (PT), Phrae (PR), Ranong (RN), Sri Sawat (SS), and Three Pagoda
(TP) Fault Zones.

Thereafter, Hinthong (1995) re-compiled the fault zones in Thailand based on
satellite image interpretation, field investigation, historical and seismicity data. Some
dates of earthquake faulting obtained from Thermoluminescence (TL) dating were also

proposed to constrain the potential of fault activities. Finally, 22 fault zones in Thailand
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were categorized in 4 classes; 1) potentially active, 2) historically and seismologically

active, 3) neotectonically active and 4) tentatively active classes (Figure 3.2).

20% Myanmar

O —_|
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gﬂ T i
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6 E—} CS = Chiang Saen
i MS = Mae Sariang

TP = Three Pagoda ’ 200 km

b \

97°N 103°N

Figure 3.1. Map showing the major fault zones in Thailand (Chuaviroj, 1991).
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Map showing 22 active faults and their classes in Thailand (Hinthong, 1995).
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In comparison with Chuaviroj (1991), the NW-SE Mae Ping Fault Zone was
restricted in only the north-western Thailand and renamed it as “Moei Fault Zone”
(Figure 3.2). The Phrae Fault Zone of Chuaviroj (1991) was separated to be Phrae Fault
bounded the Phrae basin and Thoen Fault located along the eastern part of the
Lampang basin. Some fault zones were newly proposed such as Hot, Mae Rim, Wang
Nua, and Fang Fault Zones whereas the Klang, Nam Pard, and Petchabun Fault Zones
of Chuaviroj (1991) were omitted in Hingthong (1991)’s fault map.

Then, Charusiri et al..(2001) published ihe map of seismically active belts (SAB)
including active fault zones«in-Thailand. They elassified the fault zone into 3 groups
based mainly on the plenty Fe'dates of fault activities; active, potentially active, and 3)
tentatively active. Three new fault zones \A'gere proposed in this map; The Pua and Payao
Faults in the north and thefTha Kheak Fault in the northeast. Note that, the Mae Hong
Son Fault Zone in this ' map and: the I\/Iaé: Sariang Fault"Zone proposed previously is
identical (Figure 3.3). J 4

At present, the most up—t(-)—n(_:'i;ate ac,éi}}i_e_ ;‘ault map in Thailand was proposed by

the Department of Mineral" Resources (DMR, 2006). The map was contributed by

knowledge integration of all updated rele\”/;é_n’[,;data. Moreover in many fault zones,

detailed paleo-seismological studies were partly clar_ifri‘rved following the empirical

McCalpin (1996)’s méethodology. Finally, DMR (2006) delineated 15 active fault zones in
Thailand as shown in Figure 3.4 including Mae Chan, Phayao, Mae Ing, Mae Tha, Mae
Hong Son, Mae<Yom,jRua, Ffhoen; UttaraditzMaeei,; Tha Kheak, Sri Sawat, Three Pagoda,
Ranong, and Kleng Marui Fault Zones.

Beside the active faultdin Thailandthefaults located outside Thailand are also
recognized’in this SHA."From investigation, the almost active fault'’zones were reported
abundantly in central Myanmar, Laos—southern China border, northern Vietnam and on
Sumatra Island, Indonesia. The major active fault zone in Myanmar is the strike-slip
Sagiang Fault Zone (Bertrand and Rangin, 2003). This fault zone traverses the central
part of Myanmar from north to south. Although a morpho-tectonic representation of this
feature cannot be identified in the Andaman Sea, the present-day seismicity shows that

the inland Sagiang Fault Zone extends southward into the Andaman Sea and joins with
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the clearly defined Sumatra Fault Zone on Sumatra Island (Petersen et al., 2004). In
addition for eastern Myanmar, Nutalaya et al. (1985) proposed 3 fault zones, such as
Papun, Panlouang, and Tong Gyi Fault Zones (Figure 3.5). These fault zones spread in
northwest-southeast direction from the Sagiang Fault Zone and extend to northern and

western Thailand.
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Figure 3.3. Seismically active belts map showing major active faults in Thailand with

Thermoluminescence (TL) dates of individual faults (Charusiri et al., 2001).
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and northwestern Thailand regions (Nutalaya et al., 1985).
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In the Laos — southern China border, there are a large number of fault and shear
zones caused by the collision of the Indian and Eurasian tectonic plates (Polachan et al.,
1991; Charusiri et al., 2007). These include the Chong Shan shear zone (Akciz et al.,
2008), Gaoligong Shan shear zone (Akciz et al., 2008), Dein Bein Fu Fault Zone
(Zuchiewicz et al., 2004), Hsenwi-Nanting Fault Zone (Lacassin et al., 1998), and
Linchang Fault Zone (Lacassin et al., 1998). The present-day earthquake records reveal
that these complex zones have generated contemporaneous seismic activity.

In northern Vietnam, the longest fauli'zene. is the Red River Fault Zone (Duong
and Feigl, 1999). Some other-ebvious fault zones-have been reported in this region,
such as Cao Bang - Tien Yea(Cuong et al., 2006), Dong Trieu (Charusiri et al., 2002),
Song Ca (Takemoto et al.,.2005), Song CI"]Jay (Cuong and Zuchiewichz, 2001), and Song
Da and Song Ma (Phoungs 1991) Fault Zones. All of these fault zones have a NW-SE
orientation and mainly fellow ‘the ! regTi?dn@I deformational structure. Present-day

4
earthquake records from this area show that several medium to large-scale earthquakes

d 4

are commonly associatedwith these fault z'ojg@s.

3.2 Satellite Image Interpretation;” - ,u

The remote-sensing data are compliéd_'a_n_d analyzed in this study to infer the

active faults in Thail,érjd and nearby areas. The purpose ;i's,to define lines of morpho-

tectonic evidence oh‘fh_e earth surface, such as fault scarﬁé, triangular facets, shutter
ridges and offset streams etc. (Figure 3.6). The next stepis to re-locate, re-shape, and
re-group the active fault,zones reported, in.the, previous studies and to find out new
active fault zones. The'names and regional focations”of individual fault zones are cited
mostly from previous publications as reviewed above.

Several remote sensing-data‘have been applied forithe curientiinvestigation. The
joint interpretation of Digital Elevation Model (DEM) and different satellite images (i.e.,
MODIS, LANDSAT, and IKONQOS) are analyzed for identifying the possible active faults

in individual fault zones (Figures 3.7-3.10).
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Figure 3.6. Characteristics of morpho-tector idforms associated with active faulting

(McCalpin, 1996).
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addition, IKONOS image with the resolution of 1x1 m constrains geometry of the

lite images of different types

outstanding surface rupture along the Sagiang Fault Zone, central Myanmar (Figure
3.10). Both of DEM and various satellite images, in this study, are interpreted by
adjusting and fitting together in individual fault segments to take the most precise fault
lines. As a result, totally 55 candidates of active fault zones are proposed to represent

the earthquake sources in this SHA (Figure 3.11, see also Table 4.1 in chapter IV).
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Figure 3.7. Map showing the possible active fault interpreted from the Digital Elevation
Model (DEM). a) Mae Tha fault zone; b) Lampang-Thoen and Phrae fault
zones; c) Moei-Tongyi and Mae Hong Sorn fault zones; and d) Dein Bein Fu

fault zone, respectively.
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Figure 3.8. a) Map showing the Mae Tha and Mae Kuang Faults (point by yellow arrows)
traced from MODIS satellite image, and b) closed up 3-D view of the Mae
Tha fault showing the fault scarps along the southern part of the Mae Tha

fault.
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Figure 3.9.a) Map showing the Pua Fault (red dash line) interpreted from LANSAT
satellite image, and b) closed up 3-D view of the Pua Fault showing obviously

the series of triangular facets (shown by red arrows).
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Central Myanmar

Sagigng fault

Figure 3.10. a) Map showing the Sagiang Fault (indicated by yellow arrows) traced from
IKONOS image, and b) closed up 3-D view of the Sagiang fault showing the

obvious surface rupturing along the Sagiang fault.
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Figure 3. 11.a) Map of the study region showing 55 active faults interpreted from remote

sensing data in this study. Box area is for Figure b; b) enlarged map
showing the possible active faults in northern Thailand and surrounding
areas. In both maps, individual fault zones are distinguished by color and
numbered. The numbers mentioned in this map is equivalent to the

“Fault no.” of Table 4.2.
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this map is equivalent to the “ Fault no.” of Table 4.2.
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3.3 Field Investigation

The site of interest selected for paleo-seismological investigation is in eastern
Myanmar. The site locates in the latitudes 97°15'-98°00'E and the longitudes 17°00'-
18°15'N along the Thailand-Myanmar border which is the northern branch of Sri Sawat
Fault Zone (Figure 3.12). The site can be accessed conveniently by car from Tak
province to Mae Sort district, Thailand and then, cross the Myanmar frontier to Myawadi,
Hpa-an, Myainggyingu, and Kammamung villages, respectively. Finally, Hutgyi, where
the paleo-earthquake is investigated, is accessed easily by taking the long-tailed boat
for 1.5 hour along the Thanlwin-River from' Kammamung (Figure 3.12).

Morphology of the study area is |dominated by high-altitude mountains with the
intervened, long and narrew alluvial ar']d colluvial plains. There are 4 well-defined
northwest-southeast trending faults recognized from the field investigation the IKONOS
image interpretation, namely Kyaukpulu, K{I)'shyve—e—we, Yinbaing, and Meseik Faults (F1,
F2, F3, and F4 in Figure 3.13a). Amongfthese faults, it is quite likely that the 7-km
Kyaukpulu Fault shows mere distiﬁci and crypt|c evidence of young movement than the

vl
others and lies down quite CIOS?'tQ the propngd dam site occupied by the Electricity

Generating Authority of Tha[la_[w_d -_(EGAT)f"(ZE_igu[es 3.13a and b). Morpho-tectonic

evidences, such as drfangular facet and offset streams _afe_vexposed obviously in this

fault (Figure 3.13c). As a result, the paleo-seismology is invéstigated in detail along the
Kyaukpulu Fault according to the McCalpin (1996)’s methed as shown in the following;
3.4 Data from Trenching and Trench Logging

In this 'study,’ a-paleo-seismologicalitrench«is excavated perpendicular to the
Kyaukpulu Fault (Figure 3.13c) to investigate the earthquake faulting/evidences. Trench
logging reveals a basement reckaunit (unit G) andgsix unconsalidated sediment layers
(units A-F) as described and shown in Figures 3.14 and 3.15. From trench-log
stratigraphy, it is quite clear that the trench has relatively much more deformed
stratigraphy. On the trench walls, some faults cutting across basement rocks through
the overlying sediment units were observed in different locations. However, based on
the principle of the cross-cutting relationship in the trench (shown in Figure 3.15) three

earthquake events were identified using nature and orientation of faults.



19%E]

18%E]

17

16°E]

| :

Figure 3.12. DEM map of Thailand-Myanmar border showing fault lines and the location
€ e o/ |

YWIRSN I AA VTN TN e

1 inthis map is equivalent to the “fault no.” column depicted in Table 4.2. The
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Figure 3.14. Photograph of the south wall exposed in the trench showing stratigraphy and evidence.of fractures and faults affected from the
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- F1 event: the oldest earthquake event postdating the large-pebble colluvium
deposit of unit F and predating the clayey sand deposit of unit E.
- F2 event: the second earthquake event postdating the medium-grain
colluvium deposit of unit D and predating the colluvium deposit of unit B.
- F3 event: the last earthquake event which postdates the colluvium sediment
of unit B and predating the silty loam of unit A.
3.5 Fault Age Dating
As mentioned above, geochronological @ata.is important for paleo-seismological
interpretation. In this study,.most of the previous-geochronological data represented as
the rate of fault slip (S ) used.fer SHA are complied as shown in Table 4.2. All the faults
mentioned in the table are_identical to thc'JLse present in the map (Figure 3.11). After field
trench-log investigation ofseathguake faulting events from the associated sediment
layers, geochronologieal investigation vva_{ launched. This includes identifying sample
location and collecting specificisample mg\t_erials. In this study, two types of materials;

L

organic fragments and sediment sémples;_.fé;r_e'collected for AMS-radiocarbon and TL

il

dating, respectively. Totally, 6 charcoal fragm@rﬁ;g, can be found in the sediment units B,

C, and D. For TL dating, the more the finerfﬁra_ih_e_d sediments (down to fine-sand and

silt ranges) the bette,r- the result is (Charusiri et al., 2005). Sixteen samples of sediments

are collected for TL;déting. The results of these two scientific dating methods can be
then compared and discussed, and this can make the more accuracy in the fault age
dating and the more relevance ofithe results.

3.5.1 AMS-Radiocarbon’dating

For AMS-radiocarbon dating, the outer partiof the obtained .charcoal fragments
are stripped| andila rodtine ¢cleaning« method is conducted ito prevent possible
contamination of the organic samples using the method described by the BETA AMS-
radiocarbon dating laboratory, Arizona, USA. The treated samples are over 20 gram in
dry weight. Thereafter, the charcoal dates are analyzed by the Accelerator Mass
Spectrometry Laboratory, University of Arizona, USA, and the dates are summarized in

Table 3.1.
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Table 3.1. AMS-Radiocarbon dating of charcoals collected from the trench.

Sample no. ®c/”C ratio AMS-radiocarbon age (BP)
1 -28.8 950440
2 -28.8 1,140£40
3 -26.8 960+40
4 -27.6 1,010£40
5 £26.8 2,090+40
6 2y 2,490+40
-t

3.5.2 Thermolumineseence dating

TL dating is based on quantifyi“bg poth equivalent dose (ED) which is the
radiation dose received bya sediment sample since its last deposition, and the annual
dose (AD ) or dose rate which/it has éxpéﬁeqced during the accumulation period. As a

4
result, the TL date can gvaluated following'the simplified equation 3.1.

i dia
TL date i (3.1)
where ED is measuredinGrey unitand-AD-is determined |n mGrey/year

In individual TL dating, the bulk sample of sedimént is dried and evaluated the
water content (%). The;eafter, dried sample, with about E%OO gram by weight is sieved
through 840 umPmesh filters for determining AD. Then, sample with grain size fraction of
74-250 um is extracted from the rest for ED evaluation.

For' /AD | thg+concentrations ‘of the radioactive ‘elements (.e. Uranium (U),
Thorium {Th) and Potassium (K)) are determined by gamma-ray spectrometry. Then, the
AD can evaluate from the relationships between the contents of radioactive elements
and the given AD according to the standard table proposed by Bell (1979)
supplementary with the water content determined in before.

For ED, the quartz inclusion technique using methods described by

Zimmermann (1971) and Takashima and Watanabe (1985) is applied for sample

treatment. The sediment sample is immersed in hydrochloric acid with 35% of content to
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remove the carbonate and organic matter, and then by 24% hydrofluoric acid to
dissolve feldspar and clay mineral. Ferro-minerals are eliminated by an iso-dynamic
magnetic separator in order to take the pure quartz aliquot in final. TL-intensity of
individual aliquot of quartz is measured using the high accuracy TL-OSL instrument
occupied by Earthquake and Tectonic Geology Research Unit (EATGRU), c/o
Department of Geology, Faculty of Science, Chulalongkorn University. The regeneration
technique is applied to determine « ED acconding to Pailoplee (2004)’s suggestion. In
final, the TL dates and details.are summarized in"Table 3.2.

J

Table 3.2. Thermoluminescenee dating of sediments collected from trench.

No. U Th K 1 WC AD ED TL age
(ppm)  (ppm)” 4 A% — = %) . (MGyly)  (Gy) (year)
1 147 44330 J 93 §33,58 4,12 1.89 460470
2 245 1886 f2.22 ‘324:29‘ 504 3.20 640+200
3 264 1805 [ 200 3"2:-z4 525 3.53 5704200
4 274  17.73 Y236 3099" 550 263 4704180
5 219 178100 095 2347 w624 . 1037 1,650£760
6 312 204272 2719 659y | 1199  1,800£680
7 292 2109 260 9.73 785  17.57  2,240+260
8 319 1465s, 191  3%55  4.80 8.90 1,850+440
9 244 41450 | 246 944 | [LB684| | 4434  2,100+270
10 283 1949 248 874 750 1849  2,060+380
11 figel D120.391 ¢ 240 o 231551 ¢ 598l 20898 L 3,500+500
12 286 1799 268 1144 722 3678 51004750
13 278 2090 289 1437 760 4932  6,500+500
14 256 2193 261 1457 738 3872 52504500
15 274 2006 240 1424  7.02 4699  6,700+600

16 2.73 19.66 2.86 12.98 7.46 65.12 8,700+870
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Based on the obtained trench log and geochronological data, the deposition
time span of individual sediment units, which constrained by both TL and AMS-
radiocarbon dating, are shown in Figure 3.16. For the uppermost unit A dominated by
siltly loam, the TL dates ranges from 290-840 B.P. obtained from TL dates. The unit B of
fine-grain colluvium is dated at ca. 890-2,500 B.P. by TL dating method whereas AMS
radiocarbon dating reveals 830-950 B.P. For the wedge of gravel classified in unit C, the
possible date is around 1,040-1,120 B.P. based only on AMS-radiocarbon dating. For
unit D, both TL and AMS-radiocarbon date’can yield the ages of the medium-grain
colluvium at ca. 3,000-4000-B:P--and 890-1,010-B:P: respectively. For the clayey sand
of the unit E, TL date is within.the range of 4,360-7/,300 B.P. meanwhile the AMS-
radiocarbon date is much___lowér (2,020—2:@90 B.P.) and unreliable. Finally, the lowermost

sediment unit F is 7,830-9,570 B.P. based only on TL dating.
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Figure 3«16y Depositional time=span ofsindividual sediment, unit, exposed in the trench.
The "dates " control ‘by" TL-dating (black ‘cifcles’ and “text) and AMR-
radiocarbon dating (blue circles and text). The dash lines show the
limitation of faulting in sediment units. The red tabs illustrate the time span

of fault slip.

As described above, the TL and AMS-radiocarbon dates are different. Although

the AMS-radiocarbon dating is widely accepted empirically from the research
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communities (Scott et al., 2004), AMS-radiocarbon dates, however, cannot explain
effectively as shown by Wang et al. (1996), Rink and Forrest (2005), Phil (2008) and also
from the result of this study. For instance, as shown in Figure 3.16, the sediment unit C
gives the AMS-radiocarbon date older than the younger unit which is the unit C. These
AMS-radiocarbon dates are, therefore, geologically meaningless for this stratigraphy
interpretation. Although TL dating data show older and more variable dates when
compared with the AMS-radiocarbon dating /ofithe same unit (Figure 3.16), the obtained
TL dates are usually agree well with the order.of sediment deposition. These imply that
TL dating data can show-direetly the absolute -age-of-sediment deposition whereas the
AMS-radiocarbon dating may" date the age of echarcoal fragments which have the
possibility to re-work from#theother sités. The dates from AMS-radiocarbon dating,
therefore, do not represent /thé /precise’ deposition. time of sedimentation which
necessary for this earthquake faulting intefprgtation. Thus, this study design to interpret
time span of sediment depasition includiné_ear_thquake faulting based on the obtained
TL dating results. 9 )

<)
F I

3.6 Determination of Paleo-Seisrmological Parameters
3.6.1 Maximum Credible Earthquakes.

' e B

To determineithe Maximum Credible Earthquake"s_(MCEs), the relationship

between moment mag_nitude (Mw) and fault rupture Ién‘gth at the surface (SRL)
proposed by Wells and-Coppersmith (1994) are applied{equation 3.2). The SRL used
for the Mw calculation is taken from the length of the longest fault segment in each fault
zone. Moreover, the'fupturetarea’ Ay, which also required for SHA, are determined by
using the empirical relationship between the obtailied Mw from églation 3.2 and A,

(Wells and Cappersmith, 1994) of equation 3.3:

Mw = 5.08 +1.16 log(SRL) (3.2)

log(A;) =-3.49+0.91Mw (3.3)
where Mw is moment magnitude, SRL is surface rupture length of fault (km), and A,

is rupture area of the fault (km2).
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Based on satellite image interpretation, the morpho-tectonic evidences show
that the Kyaukpulu Fault has the SRLof 7 km. As a result, the Kyaukpulu Fault can
generate an earthquake with a maximum Mw of around 6.0 and an estimated A
around 106 km’. In addition, the other fault zones proposed in Figure 3.11 are also
determined SRL, Mw and A; as summarize in Table 4.2. From 55 proposed fault
zones in this SHA, the Sumatra-Andaman Subduction Zone can generate the maximum
Mw of around 9.2 whereas the Red River;and Sagiang-Sumatra Fault Zones can
generated the earthquake around 8.5 Mw whieh is the maximum level from the inland
earthquake fault. ol

The MCEs of the active faults in Thailand is shown in Table 4.2. It is geute likely
that the MCES of the active faults'in Thailand vary from Mw 5.9 to Mw 7.9 at the Moei-
Tongyi Fault Zone. It is gosgible ito infer that this fault zone used to produce the

_—

maximum earthquake in Thailand, L 4

3.6.2 Rate of fault slip #

Judging from the TL dates-. (Figure 3}6)35 in the case of eastern Myanmar, it is
considered that the oldest paleo—éérthqual?éiﬁ;ﬂ) exposed on the trench occurred
during 6,700-8,700 years ago:_Then, the seghg_a_nd the youngest events (i.e. F2 and
F3) took place during: 2,240—3,500 and 640-1,650 years, respectively (see red tabs in
Figure 3.16). 7 |

Based on elastie rebound concept (Reid, 1910),*the slip rate has been defined
as the rate of.slip, of ;a,fault .averagedsover sthe time. period..involving earthquakes.
Assuming both that the=rate*of fault=slip is constant-over'the' period of observation and
that there is_no_creep, the_slip. rate can be estimated (as shown in“eéquation 3.4) using

the cumulative offset divided By'the total 'time span lof fault displacement in vertical,

horizontal or absolute net directions (McCalpin, 1996).

s_D (3.4)
=

where S is the rate of fault slip (mm/year), D is total fault displacement (m), and T is

the time span during the fault is slip totally (year).
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Unfortunately for the Kyaukpulu Fault, no clear evidence of vertical movement
exposed in the trench. However, the horizontal movement can be estimated from the
displacement of stream that offset. From the detailed measurement in the field, the
stream is offset around 30 m in the dextral lateral sense of movement along the
Kyaukpulu Fault.

If taken into account all faulting events detected in the trench (i.e. F1, F2, and
F3), the total time span for fault movement to shift the stream is 8,060 years (cal. 8,700-
640 years). As a result, the slip rate of the Kyaukpulu Fault is estimated to be 3.7
mm/year. ~

Table 4.2 shows thessummary of all the available rates of slips from several
active faults in Thailand. Se, s summ%rized that the slip rates for Thai Faults range
from 0.1 mm/year (Klong MaruiFault Zone) to 3 mm/year (Mae Chan Fault Zone).

For 55 fault zenes within‘the ‘studzk area, few studies of slip rates have been

4
reported. For instance, Andaman Subduction Zone (no. 45 in Figure 3.11a) has the slip

d 4

rate 43 mm/year (Paul et al; 2001). For'.{ip_land active fault zones, Charusiri (2005)
investigated the paleo-seismology - along thé{Qﬁgkalak Fault Zone in central Thailand

(no. 29 in Figure 3.11a) and proposed that tTpsf@th zone indicated almost 0.2 mm/year

of a fault slip. The Ré'}nong Fault Zone (no. 36-in Figure“'_l 3.11a) has a slip rate of 1

mm/year, whereas tﬁé’ﬁslip rate of the Klong Marui Fault Zore (no. 10 in Figure 3.11a) is
0.1 mm/year as reported by Wong et al. (2005). The highest slip rate of inland active
fault zones isgoCeupied; by, they Sagiang-Sumatras Fault Zone=which is 23 mm/year
(Bertrand and Rangin, 2003). Finally, the comprehensive literature search for information

about slip rates.are.summarized.in.Jable 4.2,



CHAPTER IV
SEISMICITY INVESTIGATION

In this Chapter, the earthquake catalogue has been analyzed and catalogued.
Several earthquake magnitudes reported in different scales have been converse to the
same scale. Then de-clustering has been made to identify only the main-shock
earthquake without using the fore-shock and after-shock earthquakes. Then will the use
of the most-recent identification of seismiC«Source zone, earthquake potential of
individual zones can be determined withmore eonfidence and accuracy.

Although the instrumentalrearthquake records cover a much shorter time period
than paleo-seismological data,the earthduake records they provide are indispensable.
Several parameters obtainéd ffom séismicity investigation (i.e. earthquake catalogues)
are required for determining potentials of é:arthquake sources in SHA (Kramer, 1996). In
this study, seismicity data within the studgr. area are clarified in order to evaluate the
earthquake potentials of individual_:ﬂearthq;[ﬂétfé sources. The methodology analyzing
seismicity data is according to Caceres and jB(nulhanek (2000) as following (see also
Chapter 2 in Figure 2.3). e FEN=

4.1 Earthquake Catalogue Investigation

From earthduake catalogue investigation, some” networks of instrumental
earthquake recording “stations, which recorded the presént-day earthquakes covered
the study area,-have been.developed.slhese include a«losal network occupied by the
Thai Meteorological “Department” (TMD) and three~global networks operated by the
Incorparated. Research_Institutions for_ Seismology:-(IRIS), .the US National Earthquake
Information’ Center’ (NEIC),! and"the “Harvard 'Seismology Cenireid=Moment Tensor
Project (CMT) (Figure 4.1).

Empirically, any earthquake catalogue is the result of seismological signals
recorded on complex, spatially and temporally heterogeneous networks of
seismometers, and processed using a variety of software, assumptions and also
judgments (Habermann, 1987; Habermann, 1991; Habermann and Creamer, 1994;

Zuniga and Wiemer, 1999).
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The earthquake'catalogues contributed by/these different networks, therefore,
have both advantages and disadvantages themselves in terms of the continuity,
recording time ;spamy, andJdimit-of.thejrecordable, magnitude range-including the type of
proposed magnitude scales of their records. The far-fleld global networks (i.e. IRIS,
NEIC, and CMT) are recordable continuously with the large- to medium- size
earthquakes over a long time span, whereas the local one can record efficiently the
smaller shaking events (see also Figure 4.1). In addition, in the magnitude scales, the
CMT catalogue records simultaneously the moment magnitude (Mw), surface wave
magnitude (Ms), and body wave magnitude (mb) for individual earthquake events

whereas the rest catalogues record the earthquakes non-systematically in different
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scales. The IRIS and NEIC catalogues record variably the earthquake size inMs, mb,
and Mw in the order of amount, meanwhile the TMD usually records mb, local
magnitude (ML), and moment magnitude (Mw ), respectively.

In SHA, the longer of earthquake recording time span, the wider detectable of
the magnitude range including reliable recording magnitude scale cause the more
accurate in the numerical analysis of earthquake source potential (Kramer, 1996). As a
result, the critical issue to be addressed before seismicity analysis is to assess the
quantity, quality, and consistency of those‘earihquake data. Consequently, the unified
earthquake catalogue for the-SHAIs need.

4.2 Earthquake Catalogue Combination

To improve the quantity and quality of earthquake data, combination a new
earthquake catalogue is prepared . All“existing earthquake catalogues (i.e. TMD, IRIS,
NEIC, and CMT) arefmeiged in this sf@dy. The composite earthquake catalogue
contains totally 75,842 earthguake events (?‘E_igures 4.1e), ranging inMw from 2.4 to 9.0.
In order to avoid double—ooun-ltiri-g ear-t.HijuJéke events, recordings that refer to

o
earthquakes already listed have to.Dbe identified and excluded. According to Suckale

and Grinthal (2009), the assy_r_n_ption consde_e_fgd_to be identical events is that if the
earthquake events of innterest describe earthquakes that Ii_e within a time window of 20 s
and a space window :of, 50 km of each other, those earthqu’éke events are assumed to
be identical. When the duplets exist, the magnitudesMw ,mb, Ms, and ML are
preferred in order,, foraredson.of reliable magnitude scale, as.described in the next
section. If both' identical~earthquakes ' recordthe magnitude in the same scale, then the
catalogues. (CMT, IRIS, NEIC, and. TMD) are_selected respectively,"After eliminating the
identicalevents, it'isfound thal 37,942 entire earthguakesremaintin the'final composite
earthquake catalogue, all of which in the time period 1963-2007.
4.3 Earthquake Magnitude Conversion

After combining and excluding the duplicate earthquake events, the new
merged earthquake data composed of the heterogeneous magnitude scales

(includingMw, Ms, mb, and ML) are ready to apply to the next step. It is noted that

each scale is derived by a specific assumption and analytical method which have a
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valid but different value and unique meaning. The mb analyzed is obtained from the first
arrival P-wave from a seismogram and the Msand ML are from the S-wave and the
surface wave, respectively. In SHA, Mw is the reliable magnitude scale used and
represents directly the physical properties of an earthquake source (Hanks and
Kanamori, 1979), which avoids the "saturation phenomenon” at large seismic moments
(Campbell, 1985). Therefore, the conversion of different magnitude scales to only one
standard, viz. the Mw scale, is inevitably impeortant for qualitative improvement of the
composite earthquake catalogue.

At first, the earthquake data recorded in-study area are used to develop
relationships between the different magnitude scales and thus converted the remains
mb, Ms, and ML to the stahdard Mw . As earlier described, the CMT catalogue
provides simultaneouslymb’, /Ms ; ‘and Mw magnitudes for individual earthquake
events. These data are cagefully tsed;to Eali,prate the relationship of Mw to both mb
and Ms (Figure 4.2). It'is notable that tt;‘_e upper limits of the calibrated earthquake
magnitudes are 6.8, 7.6, and 6.8 for_%nb , Msj,zind ML | respectively (e.g., Howell, 1981;
Ottemoller and Havskov, 2003).-Thetefore, eéftb@uake events reported with magnitudes
larger than mb of 6.8, Ms of 7.6, or ML of l@ia'gzre decided to be misreported which is
seismologically meaningless_for this_magnitude-scale_calibration (see inset of herein
Figure 4.2).

Due to the most safety scenario in this study,” when the mband Ms are
converted, the=largestypossibley Mw nis selectedy Asyasresult, the upper-bounded
Mw relationships; shown by the solid-line curves in Figure 4.2, are used to convert mb
and Ms. to, Mw., The relationships,of Mw_.to, mb “and, Ms. are.formulated as shown as
equations 4.1 and“4.2." For ML “result, ‘the ‘empirical relationship”between ML and

mb adopted by Palasri (2006) (Equation 4.3) is applied in this study, and then re-convert
mb to Mw by using equation 4.1.

mb = —0.023Mw? +1.2285Mw—1.0919  : mb<6.8 (4.1)

Ms = —0.0832Mw? + 2.5357Mw —6.6609 : Ms<76 (4.2)
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4.4 Earthquake de- clusterlng Y s

In nature, Wheﬁ—aﬁy—eruster—ef—eaﬁhquaket‘reecurs the earthquake can be
classify temporally mto 3 types; foreshock, main shock, and aftershock, relatively. In this
study, the definitions proposed by Gardner and Knopoff (1974) have been applied.
Foreshocks aresearthquakes which precedeslarger earthquakes, in the same or nearby
location whereas laftershocks are smaller earthquakes which occur in the same general
area during the'daysitoyears fellowing'a larger'event or/"main shock'.

As reported by Cornell (1968), only the main shock, which represent the exact
seismic stress released from the tectonic activities, are herein considered. To satisfy this
requirement, the earthquake data obtained from the previous procedures need to be de-
clustered by filtering main shocks from foreshocks and aftershocks in order to obtain a
complete independent earthquake (i.e. only main shock) distribution.

In the earthquake de-clustering, the empirical model proposed by Gardner and

Knopoff (1974) are applied in this study similar to Petersen et al. (2004) and Palasri
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(2006) who de-clustered the earthquake data in the Sumatra-Andaman subduction zone
and Thailand region, respectively. Windowing algorithms for cluster identification make
use of a space and time windows around and following each event, whether it is a
cluster event or not. Any earthquake occurring within the window is deemed a cluster

event. The window is opened wider for stronger predecessor events (above red lines in

Figure 4.3).

Time (day)

AMagnitude é"n ‘Richter scale)
: =4

. |
PrGrE /N

Distance (km)

Magnitude ¥in Richterscala)

Figure 4.3..Parameters .used .to .de-cluster .and remoye .foreshocKs. and aftershocks
according to the'model of Gardner and Knopoff«(1974): (a)Fime window and
(b) space window. The earthquakes (blue stars) is above the red lines of

both time and space windows are identified as main-shock events.

From the Gardner and Knopoff algorithm, the results can distinguish 1,615
clusters from 31,942 earthquake events. Of these events, a total of 27,775 events (87%)

are classified as foreshocks or aftershocks and therefore are eliminated (Figure 4.3).
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Finally, the new earthquake catalogue derived for Thailand and surrounding areas
contains 4,164 main shocks. After the completion of the de-clustering, the results are
summarized as shown in Figure 4.4. This meaningful catalogue which can be related
directly tectonic activities is used to evaluate the earthquake source potential described
in the next section.
4.5 Earthquake Source Identification

Generally, SHA requires the accurate . geometry and distribution of earthquake
sources, and this has been traditionallyaccomplished through the geographic
delineation of the 1) activesfaulis-or 2) seismie-souree zones (Thenhaus and Campbell,
2003). The active faults represent the source which can generate the earthquakes
associated with faulting .Whereas' the '1regional seismic source zones reveal the
background earthquakes which are the earthquakes not associated with significant fault
rupture. In this SHA, beth aetive fault z:one;aqd seismic source zones are considered to

4
be the possible earthquake sources. -

L

4.5.1 Active fault zone "'-f.-

In this study, 55 possible aclive fault ZC__)I;_\,C;};S as clarified in chapter Il are applied.

All fault segments within individual fault zo,rﬁa,_s_'.a[e assumed to be generated by the

same tectonic activities illustrated the same earthquake po,t"ential.

4.5.2 Seismic¢ Sb_urce zone

The term-seismiC source zone is defined herein as a regional seismically
homogenous area,.in, which_eévery point within the source zone.is assumed to have the
same probability of being thé epicenters of future earthquakes (Algermissen et al., 1982;
Thenhaus and Campbell, 2003). An ideal delineatieh.of seismic soutee zones requires a
complete comprehension of gealogy,« tectonicsy palec-seismology,. historical and

instrumental seismicity, and other neo-tectonic features of the region under study.
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Based on literature reviews, there are few published studies of seismic source
zones in Thailand and adjacent areas in the past two decades. The pioneer is that of
Nutalaya et al. (1985) who proposed 12 seismic source zones (i.e. zones A-L) in the
study area consisting of zone A: Arakan Coastal Area, zone B: West-Central Burma
Basin, zone C: East-Central Burma Basin, zone D: Bhamo-Paoshan Area, zone E: Burma
Eastern Highlands, zone F: Tenassarim Range, zone G: Northern Thailand, zone H:
North Indochina, zone I: South Yunnan-Kwangsi, zone J: Andaman Arc, zone K:
Andaman Basin, and zone L: Andaman-Sumatra_(Figure 1.6a). Although each of the
seismic source zones of Nutalaya et al' (1985)-had-specific geological, geophysical,
and seismological charactesistics, they did not recognize the seismic source areas
which cover southern peniasular Thailandyland the Sumatra region.

Thereafter, Charusifi ef'als (2005) revised the seismic source zones of Nutalaya
et al. (1985) and extended the Coverage%reas of seismic source to include southern
peninsular Thailand and narthern Sumatr;'. Their revision of the seismic zoning was
based on the epicentral distributiérj_iqf eartk}éy_e{kes over the past two decades, present
—day to Cenozoic tectonic ‘environments, a'et'i\.‘zé faults, regional geomorphology, and

plate boundaries. As a result.the @mount of seismic source zones increased to 21

zones, such as ZoneA: Andaman subduction, Zone B: VV_e;st—CentraI Myanmar, Zone C:

East-Central I\/Iyanmé‘r, Zone D: Mae Hong Son - Mataba"r*,l and Zone E: Muang Pan-
Chiang Rai (see Figure™.9a). Beside the active fault zones, the most up-to-date seismic
source zones of*Charusirijet-al.(2005) areialso considered for this study.

4.6 Earthquake Potential' Determination

Principally, SHA requires assessment of earthquake source parameters in order
to estimate’ earthquake potentials’ intindividual earthquake-sources. Based on Kramer
(1996), the necessary earthquake source parameters capable to analyze from the
earthquake catalogue are the maximum earthquake magnitude which can be generated
by individual earthquake sources and the earthquake activity along the earthquake

sources.
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4.6.1 Maximum earthquake magnitude

The maximum earthquake magnitude (M is an important parameter in SHA

max )
because the highest magnitude earthquakes can contribute most seismic hazard to the
analysis. For seismic source zones, the largest present-day earthquake reported within
a seismic source zone is used to represent the M . for seismic hazard analysis for that
zone (Table 4.1). For the obtained 55 active fault zones, the length of surface faulting
determined by paleo-seismological results are used to estimate maximum earthquake
magnitude as described previously in chapier!liand summarized in Table 4.2.

4.6.2 Earthquake activity J

For this SHA, the earthguake activity of 21 seismic source zones including 55
active fault zones can be quantified using the frequeney-magnitude distribution (FMD))
of earthquakes. The FEMD gknown in the east as Ishimoto and lida (1939) relations and
in the west as the Guienberg and_l Richtejf (j_942) relations, defines the distribution of

earthquakes with respectto magnitude as shown in eguation 4.4.

)
F I

log(n(MY) £a-bM - (4.4

For a certain region and-time inter\/alk, fhe equation'4 4 describes the number of
events,N(M) , with thienrmagnitude equal or larger (curﬁulative distribution) than M,
where a and b are pesitive, real constants. The a-valueiimplies the entire earthquake
activity and the_ratio of the“occurrence, of small to large earthquakes in a seismogenic
volume is measuredby'the i-value-For SHA, the'constant'a- aind b -values in equation
4.4 are the key elements in estimating the probability.that an earthquake with magnitude
M or larger will ocgur within individdaliearthquake sources.

For each earthquake source, the optimal values of aand b are estimated to
yield the observed FMD by using ZMAP software (Woessner and Wiemer, 2005). The
magnitude of completeness (Mc) is defined as the magnitude above which all
earthquakes are considered to be fully reported (Figure 4.5). The summarize of the

FMD are illustrated clearly in appendix A. Table 4.1 showsa- and b -values for

seismic source zones and Table 4.2 for those of the active fault zones. For instance,
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Zone N (Andaman basin) revealed the highest values of a and b, which implies the

highest earthquake activity. In contrast, there are several seismic source zones (G, L,

and Q) where the total number of earthquakes is insufficient to properly evaluate

earthquake activities. These seismic quiescent zones are, therefore, excluded from the

SHA.
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Table 4.1. Some important data of earthquake source parameters for ‘\

\

,

ic source zones defined in this study.

e "\ L
RSV LS

Zone Code Zone Name Mc a b

Zone A Andaman subduction 5.1 4.55 0.58
Zone B West-Central Myanmar 3.2 2.73 0.36
Zone C East-Central Myanmar 3.3 2.72 0.35
Zone D Mae Hong Son — Matabar 2.2 3.15 0.40
Zone E Muang Pan — Chiang Rai 2.5 2.79 0.37
Zone F Chiang Mai — Luang Pra Bang 0.3 2.90 0.32
Zone G Central Thailand - - -

Zone H Petchabun — Wang Wiang 2.7 2.75 0.57
Zone | Khorat Plateau 4.3 3.37 0.64
Zone J Song Ca 3.4 2.58 0.48
Zone K Northern Vietham 3.7 3.05 0.58
Zone L Eastern Thailand — Cambodia ‘a 3 o 4.6 - - -

Zone M Andaman Arc ﬂ u El ’J w E] V] j WH"] ﬂ ‘55.1 5.07 0.62
Zone N Andaman Basin Y 190 6.6 54 6.73 0.92
Zone O Western Thailand q W"] a q ﬂ Tglj u M "qu ﬂ El "] a?;&l 2.52 0.40
Zone P Mergui q 36 5.7 4.4 3.62 0.60

61
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Table 4.1. (Cont.) Some important data of earthquake source para met } eismic source zones defined in this study.

Zone Code Zone Name Mc a b
Zone Q Gulf of Thailand - - -
Zone R Malaysia — Malacca 3.9 3.44 0.60
Zone S Aceh — Mentawai 24 1.68 0.25
Zone T Tenasserim 5.2 5.04 0.60
Zone U Sumatra Island 5.1 5.83 0.78

\

Remarks: Zone Code and Zone Name are proposed by Event is the number of earthquakes recorded in each seismic

. , , Vo inidie, - . o . .
source zone. Msei,,, is the maximum earthquake magnitude recarded instrt ally in each seismic source zone. Mc is the magnitude of

. A . . .
completeness derived from the FMD. Values a and_b are constants of F resenting entire seismicity rate and seismicity potential,

respectively. V— Y |
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Fault Fault Name F & Mc a b Source
———

no.

1 Cao Bang - Tien Yen S 1.50 0.34  Cuong et al. (2006)

2 Chiang Rai S 2.25 0.42  This study

3 Chong Shan shear zone S 7.85 1.34  Akciz et al. (2008

4 Dein Bein Fu S 2.68 0.37  Zuchiewicz et al. (2004)
5 Dong Trieu SN 2.71 0.90  Charusiri et al. (2002)
6 Gaoligong Shan shear zone S 9.67 1.62  Akciz et al. (2008

7 Hsenwi-Nanting S 25.80 4.83 Lacassin etal. (1998)
8 Jinghong S 3 2.33 0.40 Lacassin etal. (1998)
9 Kawthuang - 6 '. 7 4 1.68 0.25  This study

10 Klong Marui S 29m 0.10 6.8 u 1.68 0.25 Wong et al. (2005)

11 Kungyaungale S ﬂ ﬂ 8‘ AgOQ{I E]Sﬂ j WH ITﬂ li .68 0.25 Wong et al. (2005)

12 Lampang-Thoen SN 0.83 ) 0.55  Charusiri et al. (2004)
13 Lashio q W"] a)q ﬂ ﬁ‘ m?u m f?@ﬂ V'IZEI ’Tﬂ EIO 40  Lacassin et al. (1998)
14 Libir - 170 - 4,671 3.44 . Metcalfe (2000)
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Fault Fault Name F SRL b Source
no.
15 Linchang S 107 2.33 0.29 Lacassin et al. (1998)
16 Loei-Petchabun Suture S 3.01 0.62  Lepvrier et al. (2004)
17 Longling-Ruili S 6.42 1.01  Bai and Meju (2003)
18 Mae Chaem - 1.89 0.32  This study
19 Mae Chan S 2.64 0.37  Fenton et al. (2003)
20 Mae Hong Sorn-Tak S 2.65 0.38  Charusiri et al. (2004)
21 Mae Ing S 2.56 0.38  Fenton et al. (2003)
22 Mae Tha S 2.36 0.38  Rhodes et al. (2004)
23 Mae Yom S ‘1 0 1.92 0.60  RID (2006)
24 Menglian S 117m 0.50 7.5 3 007 .O 2.13 0.28 Lacassin et al. (1998)
25 Mengxing S ﬂ ﬁ 8‘ A’lJBQ{I &]’ﬂ j Wﬂ ITﬂ ? 95 040 Lacassinetal. (1998)
26 Moei-Tongyi 0.73 7 9 7 698 .4 0.54  This study
27 Nam Ma q w"] RYQ ﬂ ﬁ mu m A'Tﬂ V'ISEI ’Tﬁ EIO 58  Morley (2007)
28 Nam Peng 1,118 3.1 3.08 ) Charusiri et al. (1999)
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ctive fault zones identified in this study.

Fault Fault Name F SRL max & Mc a b Source
no.  —
29 Ongkalak SN 47 6 252 0.40  Charusiri (2005)
30 Pa Pun S 143 2.58 0.37  Nutalaya et al. (1985)
31 Pan Luang S 219 2.98 0.51  Nutalaya et al. (1985)
32 Pha Yao SN 20 2.95 0.40 Fenton et al. (2003)
33 Phrae S 28 | 03 268 0.53  Fenton et al. (2003)
34 Pua N 29 1.8 244 0.55 Fenton et al. (2003)
35 Qiaochou - 145 2.35 0.25 Lacassin et al. (1998)
36 Ranong S _,,_‘=;;;=;;=:;;:2,:-‘ 1.68 0.25  Wong et al. (2005)
37 Red River S 81ZB 3 17.60 3.16  Duong and Feigl (1999)
38 Sagiang-Sumatra S 23 00 36 268 6.92 0.86  Bertrad and Rangin(2003)
39 Shan s ﬂ ﬁ H\ ’J ‘yl &]’9/] j Wﬁ ’leﬂ ? 93 039 This study
40 Song Ca 6, 532 2. 58 0.48  Takemoto et al. (2005)
41 Song Chay Q wf] ﬁ\ﬂ ﬂ 6§ mu ‘m '}q ﬂa&l '}aa Elo 58  Cuong and Zuchiewichz

(2001)

g9



Table 4.2. (Cont.) Some important data of earthquake source p

66

ctive fault zones identified in this study.

Fault Fault Name F SRL a b Source
no.
42 Song Da S 2.73 0.45  Phoung (1991)
43 Song Ma S 6.52 1.06  Phoung (1991)
44 Sri Sawat S 2.50 0.40  Songmuang et al., (2007)
45 Andaman subduction R 3,388 ‘ ) ) 6.08 0.69  Paul etal. (2001)
46 Tavoy S | : 2.80 0.79  Wong et al. (2005)
47 Tenasserim S 1.68 0.25 Wong et al. (2005)
48 Tha Khaek S 3.15 0.67 DMR (2006)
49 Three Pagoda S 2.62 0.51 Fenton et al. (2003)
50 Uttaladith S 1.63 0.46  Fenton et al. (2003)
51 Wan Na-awn 7.2 1 609 2.28 0.35  This study
52 Wanding S ﬂ ﬁﬂ‘ /391{' &]’ﬂ j Wﬂ fTﬂ ? .34 0.93  Morley (2007)
53 Wang Nua 17 2.27 0.40  This study
54 Xianshuihe q w"] a‘w mmﬂ m%}%} ﬂEEI ’Ta 81 .05 Eleftheria et al.(2004)
55 Hutgyi 7 3.7 106 2.2 1.67 . EGAT (2006)
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CHAPTER V
STRONG GROUND-MOTION ATTENUATION

When an earthquake is generated from its source, the accumulated strain
release in term of ground motion (i.e. ground shaking) will spread out all around from the
source. The level of ground motion is absorbed and attenuated when seismic-wave
caused ground motion travel through the medium. In practice, the characteristic of
ground motion attenuation is specific and/different. in each region depending on the
complexity of geologic and-tectonic settings (Douglas, 2001). As a result, beside the
determination of location, geemelry. and potential of earthquake sources (see chapters
Il and 1V), estimation of thefattenuated g’[ound motion at a given site from earthquakes
of different magnitudes and distancges ‘is also considered as one of the critical input to

_—

SHA (Kramer, 1996). p
/
These ground motion estimations are usually obtained from equations, called

e

“strong ground-motion attenuation rélationshfp”: that express empirically ground motion
¥
levels as a function of magnitude (M) and distance from earthquake source to a given

site (R) or, in some cases, ,th_er-_variablei_.._'gu_qh as style of faulting (F ) and site

condition (S) suchgas‘rock site or soft soil sediment _(équation 5.1). The standard

deviation (&) is also:c‘onsidered in case of PSHA (Cornell, 19l68).

ground-motiom= function(M (R} F3S)+ & (5.1)

The, ground motion generally, shows_in“térms of peak _ground acceleration
(PGA) or ground“shaking' intenisity {(e.g. Modified" Merealli’ ntensity, MMI). Most
commonly used method to obtain this relationship is based on the regression analysis
with past strong ground-motion data. Up to the present, a wide variety of empirical
ground motion attenuation relationships are available for application in PSHA as
summarized in Douglas (2001). Practically, these relationships require a lot of data in

order to contribute the reliable relationship (Suckale and Griunthal, 2009). Therefore,
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these empirical relationships can develop in only the location where the strong ground-
motion recordings are abundant, such as Northwestern America, Philippines and Japan.

The strong ground-motion databases in Thailand and neighborhood areas at
present are scantly. As a result, the unique relationships describing the attenuation of
ground motion in this region have not been developed yet. Therefore, in this study,
focuses are placed on comparing between the existing strong ground-motion data and
the strong ground-motion attenuation relationships proposed for the other regions in
order to contribute the most appropriate relationshipfor this SHA.
5.1 Strong ground-motion-data 4

The strong ground-metion” data used in this study are compiled from the
Thailand Meteorological Dgpartment (Tl\/l*p) seismological station networks. At present,
the TMD stations cover almostall over abundantly. Thailand region as shown in Figure
5.1. The exact locations and abbreyiationzaeds_cription of individual stations are listed in
Table 5.1 for (a) analogue @and (b) digitéjL_ seismic stations, respectively. The overall
available strong ground-motion o-Ilatfa cons-i.ms:i;sJ:Of a total of 146 PGA records from 51

o

earthquake events recorded during. A.D. 2003{2@07. The earthquake size of events for
which data is available varies ﬂf_r_gm 4.1.up tcSQMW (i.e. the 2004 Sumatra-Andaman
earthquake’s event), :

In SHA, the choice of an appropriate strong "ground—motion attenuation
relationship is governed by the regional tectonic setting*of individual sources, whether
the earthquakesource, is 0 proximity ;{o-a subduction .zone. or inland active fault
environment (Kramer, 1996): In this=study, “both ‘preposed seismic source zones and
active fault zones are classified into two categories-on the basis of tectonic setting viz. a
subduction'zone'earthquake for the'Sdmatra=-Andaiman region (i.€., zenes A, B, and M
in seismic source zone and fault zone no. 45), and shallow crustal earthquake (i.e.
inland active fault zones) for the others. The distribution of the strong ground-motion
records, as a result, separated on the basis of tectonic regimes (Figure 5.2); 1) strong
ground-motion data from the subduction zone earthquakes and 2) the strong ground-

motion data from shallow crustal earthquakes (i.e. inland active fault earthquakes) (see

Appendix B). The strong ground-motion database describes;
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Vietnam

104°N

Figure 5.1. Map showing the networks of seismolog gL_*:.’gfo occupied by the Thai
A
Meteorologica d triangular symbols are digital

] |

recording station and the blue ones are analogte recording station.
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- Times of the earthquake occurrences: Day, Month, Year; and
- Earthquake sizes in the moment magnitude: Mw.
2) The details of recorded strong ground-motion are:
- Seismic station which record the strong ground-motion data (Station);

- Types of recording instrument (Instrument);
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- Digital count which is the peak of the seismic wave amplitude measured in

digital count unit (Digital Count). The digital count value depends largely on type of the

recording instrument;

- Distance which can be measured from the epicenter to the recording station in

km unit (Distance); and

- PGA is peak ground acceleration recorded in the horizontal component in the

equation 5.2.
Where: PGA
D
C
_F = AN
G :klﬁtrumentarcgrﬁfarﬁ depe of recording instrument

Amplifieation value dependling on type of recording instrument

Fliskia- i i) 1113

Y

ravie 6} W@Mﬂaﬁ}tﬁ TRV T TR——

a) Analogue stations

Location Code Longitude (°E) Latitude (°N)
Phuket PKT 98.19 8.08
Chiang Mai CHG 98.94 18.81
Phumipol Dam BDT 99.00 17.24
Kanchanaburi KBR 99.53 14.02

Nong Plub NNT 99.73 12.59
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Location Code Longitude (°E) Latitude (°N)
Chiang Rai CHR 100.00 20.00
Nakhorn Sawan NST 100.13 15.67
Songkla SNG 100.62 7.18
Nan NAN 100.77 18.77
Loei LOE 101.73 17.41
Chantaburi 12.52
Ubonrajchathani 15.25

b) Digital stations

Location

Mae Sariang
Mae Hong Sorn2
Mae Hong Sorn1
Bang Wad

Ranong

Washiralongkorn Dam

Rajchaprapha Da n,- 4

Chiang Mai

Nan

S:rikSuthelO ﬂ u H fJ ﬂ“ﬁ] (w 5 w ﬂgj ﬂ ‘3

Srinakarin

.ﬁ”ﬁ 89NNy

TRTT

Tha Ngiew Dam
Chiang Rai
Phrae

Songkla

Khao Kho

Loei

CHRI
PHARE
SKLT
PBKT
LO

Latitude (°N)

99.69
99.77
100.23
100.62
100.97
101.73

18.18
19.31
19.27
7.89

9.39

14.80
8.96

18.81
18.81
18.81
17.24
14.39

7.84
19.88
18.50

7.7
16.57
17.41
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Location Code Longitude (°E) Latitude (°N)
Lamprapeung Dam KRDT 101.84 14.59
Kiritharn Dam CHBT 102.33 12.75
Konkaen KHON 102.82 16.34
Nampung Dam SKNT 103.98 16.97
Park Mool Dam UBPT 105.47 15.28

Songkla , 100.62 747

Taiwan

99

Figure 5.2. Map of Mainland SE Asia showing the epicentral distribution of earthquakes
which caused the strong ground-motion recorded in this strong ground-
motion database. The grey circles are the earthquake generated by the
subduction zone and the black ones are those triggered by inland active

fault earthquakes.
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In comparison between the candidate strong ground-motion attenuation relationship and
the strong ground-motion database, the data can be varied in both magnitude ranges
and the source to site distances to represent and reveal exactly of which the candidate
strong ground-motion attenuation relationship is the most appropriate for this study. For
the strong ground-motion data of the TMD database, in particular for the shallow crustal
earthquakes, no near earthquake source ground motion records are available (the
shortest source-to-site distance is 272 km and 97 km for the subduction zone and the
inland active fault, respectively). However nine strong ground-motion data recorded
during 1999-2006 by the-Reyal-lrrigation’ Depariment«(RID) of Thailand’s seismological
station (i.e. Khaeng Suer Teasneiwork, Phrae province) are available (see Table B.3 in
Appendix B). All data argsrecorded froﬁn the shallow crustal earthquakes which are
located closely to the KhagngsSuer Ten network (the shortest source-to-site distance is
19 km). In this study, therefore; the _.strong?grqund—motion database from both TMD and
RID are combined to s6lve as much pr;blem of lacking strong ground-motion data
recorded at the near earthquake s-ont_jlrlce. f -

-

5.2 Subduction Zone Earthquakes. - 2224

Petersen et al. (2004) colieeted str():r}_g:],_'g[()_und-motion data along the Sumatra-

Andaman subductieff “zone which recorded —by-the ‘- Malaysian and Singapore

seismological statioh networks to select the most suitable attenuation relationship for the
Sumatra-Andaman subduction zone. They concluded that the strong ground-motion
data along this subduction zone is consistentwith the attenuation. model of Youngs et al.
(1997) for the rock”site~condition' (see ‘equation 5.8and Figure 1.4b), although in the
Youngs.et al. (1997) madel, which_is the source-to=site distance ( RY); was less than 200

km.

In yYoungs (M ’ R) = * * CZ‘%M (53)
C,+C,M+C;InnR+e ™= [+C.,Z +CyZ, +C,H

iy

with C; =C, +C,C, -C,C,,
=C,+CsZ, and
=C,+C,Z.

O O
S~ oy W oy
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where Yy is peak horizontal ground acceleration (Cm/SZ), M is moment
magnitude (Mw), R is source-to-site distance (km), C, = 0.2418, C, = 1.414, C, =
-2.552, C, =1In(1.7818), C, = 0.3846, and C, = 0.00607. Z is O for a rock site and 1
for a soil site, and H is focal depth (km.). The other coefficients in the equation are not
necessary for the rock site condition. The standard deviation of the probability of
exceedance (o) is estimatedas o =1.45-0.1M .

If the source-to-site distance is equal to or greater than 200 km, the attenuation
behavior of Andaman subduction-zone earthquakes:is expressed as shown in equation

5.4 (see Petersen et al., 2004): o
Iny gt (MR)=In Y'vdungs (M, R)+[-0.0038* (R —200)] (5.4)

Thereafter, very recently C.hintangpa_kdee et al. " (2008) compared 55 strong
ground-motion data which are Categorizeé_'_into_ the subduction zone earthquakes with
some candidate strong ground—rﬁot_iic‘)n atte:h;r@_?t“ion relationship proposed previously by
Atkinson and Boore (1997), Crouse{1991), Fukujshima and Tanaka (1990), Megawati et
al. (2005), and Petersen et al. (2004). Theylsczo'rj;cluded that the Crouse (1991)’'s model

(equation 5.5) is the.most suitable strong ground-motion attenuation relationship for the

Sumatra-Andaman subduction zone.

In ¥ ohoite (MR Py M P, In(R=pse ™) + p,h (5.5)

where Y s.peak.horizontal .ground acceleration (Cm/s2), M. is.mement magnitude
(Mw), R is source-to-site distance tkm), p, = 6.36, p, =4.76, p, ==2.73, p; = 1.58,
ps = 0.608, p, =0.00916, focal depths, h, between 0 and 238 km, and o = 0.773.

In this study, those two candidate strong ground-motion attenuation relationships
are re-calibrated to constrain the accuracy of the attenuation characteristic in the
Sumatra-Andaman subduction zone. The used strong ground-motion records are
provided most up-to-date by the Thai Meteorological Department network (Table B.1 in

Appendix B). The strong ground-motion data are separated into the different magnitude
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interval; Mw 4-5, 5-6, and 6-7 (Figures 5.3a-c). Unfortunately, the strong ground-motion
of the earthquake with Mw more than 7 is lack. There is only one strong ground-motion
record according to the 2004 Sumatra-Andaman Subduction Zone is reported (Figures
5.3d). It is recognized that both Crouse (1991) and Petersen et al., (2004)’s models are
almost identical. However, Crouse (1991)'s model is more compatible with the

compared strong ground-motion data than Petersen et al., (2004)'s. Therefore in this

SHA, the strong ground-motion at tionship proposed by Crouse (1991) is

selected to represent the attﬂi tion | atra Andaman subduction zone.

1.E+00 3
] b) Mw 5-6
s ]
c
S1E02 4
@
:
kel
2
g
51.E04 4
= E
] ]
&
= Crouse (1991) rouse (1991)
—+— Petersen et al. (2004 Petersen et al. (2004)
® Mw 4-5 Mw 5-6
1.E-06 T T T T TTTTTIT T

1 10 100 10 100 1,000 10,000
-

Source to site distance U'(ﬁvr' Source to site distance (km)

1.E+00

RY d) Mw >=9

m
o
(%]

m
[=}
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Peak ground acceleration (g)

10.0¢ 1 10 100 1,000 10,000
Source to site distance (km) Source to site distance (km)

Figure 5.3. Comparison of candidate attenuation models with recorded strong ground-

motion data (grey circles) for the Sumatra-Andaman subduction zone.
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5.3 Shallow crustal earthquakes

For shallow crustal earthquakes, some strong ground-motion attenuation models
were suggested previously for SHA in Thailand and adjacent areas. For instance,
Wanitchai and Lisantono (1996) proposed the Esteva and Villaverde (1973)’s model, as

shown in equation 5.6, for their SHA in Thailand (see also Figure 1.6b).

In yEstevaandVilIaverde(M ' R) F ble(bZM) (R + bA)_bS (56)

where Yy is peak horizontal ground acceleration (cm/sz), M is moment magnitude
(Mw), R is source-to-site distance(km), b, =56600, b,=0.8, b, =2, b, =40 and o =0.64.

Palasri (2006) compared 7 poinEs of strong ground-motion data recorded in
Thailand with some “Candidaie $ifong ground-motion “attenuation relationships. He
concluded that the Sadigh et al: (19_977’8 rnI’OdreI is the most fit for Thailand region (Figure
1.9b) whereas Chintanapakdeeg e.t al. (2'21_02%) proposed the model of Idriss (1993)

4

(equation 5.7). 4,
vl

= '“

-

INYigr (M, R) = [, +exp(a 5., M= eXp(5, + S, M)TIn(R +20) + al (5 7
° L f y )

where Yy =is peakhdr_izontal ground acceleration (g), Mis moment magnitude( Mw );

R = source-to-site distance (km):;
a = 02
d = lsource-te-site'distance (km);
a,,0,,a, = for M <6 =-0.150, 2.261 and -0.083, respectively‘and
for tM %6 = -Q.050438.4%7 and -0.284, respectively;
Lo B P, = for M <6 =0, 1.602 and -0.142, respectively and
for M =6 =0, 2.475 and -0.286, respectively;
F = 0 for strike slip,
0.5 for oblique,
1 for reverse; and

o = the standard deviation of the probability of exceedance.
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From these models proposed previously for SHA in Thailand, the strong-ground
motion data obtained in this study are also added up in order to constrain and select the
most fit of the attenuation model for the shallow crustal earthquakes that will occur in the
study area in the future. The strong ground-motion data are separated into four
magnitudes; ranges as the same as for subduction zone earthquakes. Based on the
comparison, the strong ground—motion data in all magnitude ranges are compatible with
the strong ground-motion attenuahoq ip proposed by Idriss (1993) as shown in
equation 5.7 whereas the modK_rQ se and Villaverde (1973) and Sadigh
et al. (1997) are normally-ome-hesﬂmalﬂ see-ebe-ligure 5.4). Therefore, the model

proposed by Idriss (1 S a&tedh%ntthe attenuation model of the

Ak
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E-04 |

1.E-05
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0
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Source to site distance (km)

1.E+00 5 aq 1r] E 90 Gl ;
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c c
= 1602, v S, oo 45N
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8 ]
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kel ! ]
o 1.E-04 o 1.E-04 E
ﬁ —*— Esteva and Villaverds (1973) E ]
a —*— |driss (1993) a : Ejst_eva( 1a;§3}"illaverde (1973)
) riss
—®= Sadigh et al. (1997) —*— Sadigh et al. (1997)
® Mws-6 @® Mws-7
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Figure 5.4. Comparison of candidate attenuation models with recorded strong ground-

motion data (grey circles) for the shallow crustal earthquake.
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5.4 Acceleration-Intensity Relationship

Practically, seismic intensity provides useful information on the regional
distribution of earthquake effects and has been used simply to assess seismic hazards
(Shabestari and Yamazaki, 2001). The seismic intensity describes qualitatively and
classifies severity of the ground motion on the basis of observed effects in the stricken
area. Beside the earthquake engineering which required the exact numerical value of
ground shaking (e.g. 0.2g), the descriptive jpresentation of seismic hazard in terms of
seismic intensity is more effective than the PGA0rmat in particular for local residence’s
understanding which have.no.background of earthquake knowledge.

Up to the present, theré are some intensity scales were proposed worldwide.
The first intensity scale, the'Rossi-Forel ‘§cale, was introduced in the late 19" century.
Since then numerous intensity scales have been developed and are adopted in different
parts of the world, such as the Egropea_lﬁ Macro—seismic Scale (EMS-98) is used in
Europe, the Shindo scalé isiused in Japa:”]-‘z the MSK-64 scale is used in India, Israel,

and Russia including the Medified Merc,élli fntensity scale (MMI) which has been
¥ K

currently used worldwide. Most,of these sca'[e;_s:_j}ave twelve degrees of intensity, which

are roughly equivalent to one another. in valg(éshb_u_t vary in the degree of sophistication

employed in their formulation.”Among these scales,“the. fn_ost effective and available

worldwide MMI scalé#§ adopted to this SHA.

The motivation™for this study was provided by+the application of PGA-MMI
relations to thewproblem of. damage .estimations .due«to=strang earthquake ground
motion. A function “relating” PGA™t6 '™MMI* allows=0ne' to" convert the probabilistic
information_on PGA, the typical parameter_of seismic_hazard analyses, to MMI, the
parameter most cormmonly corfelated to structural damages«The relationships of PGA to
MMI from 12 published models are compared (Fig. 5.5). Cancani (1904) (equation 5.8)
are adopted in this study, which, for any data, gave the highest ground-shaking
conversion from PGA to MMI. We chose this model to produce the MMI seismic hazard
maps because we believe that the possible worst case should be taken into account to
allow seismic hazard evaluation of regions lacking sufficient seismicity data, as

explained in the equation 5.8.



log(PGA) = 0.33MMI —1.17 (5.8)

Finally, the obtained suitable strong ground-motion attenuation relationships and
the selected acceleration-intensity relationship are used supplementary to the SHA in

(see the next chapter).
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CHAPTER VI
SEISMIC HAZARD ANALYSIS

Conceptually, the implementation of SHA involves two key steps: The first step is
to model the possible earthquake sources composed of the location, geometry and
seismicity parameters characterizing the earthquake potential in the respective sources
as described previously in chapters Ill and IV. The second step is to determine the
appropriate strong ground-motion attenuaiion” medel for the earthquake-generated
ground motion in dependenee of magnitudes-and the source-to-site distances as
described in chapter V.

In this chapter, boih DSHA and I?SHA approaches mentioned in chapter Il are
employed in the seismicshazard Jinvestigation by integration of various inputs and
appropriated models detegmined in chapt_érs_jlll—v. These two methods (i.e. DSHA and
PSHA) have differencesyadvantages, and é‘lsgdvantages that often make the use of one

advantageous over the other. The (ﬂjétailed%m_alyses for SHA as conducted in this study

are clarified in the following. The results, finally, rtéveal in the series of the seismic hazard
maps in Thailand and adjacent.areas includih'g;.';

- For DSHA;,iihe map of possible maximum ;acceleration which can be

reasonably-expected to occur anytime (i.e. tifﬁe—independent map). This
map strongly recommended for a critical project where the consequences of
failure are gdntolerable, andgprotection s | neededsagainst this worst-case
scenario, and

-, shor PSHA, the series ofimaps showing the variation-of ground shaking which
depending on‘the given ‘considering'time period. these' maps, usually, can
present in two difference type; 1) the map depicts the ground shaking levels
(in g unit) having a fixed probability of exceedance (%) and 2) the maps
depicts the probability of exceedance (%) having a fixed ground shaking
levels (in MMI unit), in a finite-time period of interest (Kramer, 1996). The first
ones useful for the engineering works which need the numerical ground

shaking levels (i.e. in g unit) to design the earthquake-resistant coefficient in
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the infrastructure constructions. In the other hand, the second ones can
explain simply to the local people in terms of percent of occurrence in
individual descriptive MMI ground shaking intensity.

In computation procedure, MATLAB-scripts employing the SHA algorithm are
developed and modified from Palasri (2006). In SHA computation, it is convenient to use
a horizontal flat surface grids of rectangular cells, controlled by latitude-longitude
coordinate (Lapajne et al., 2003). The centers of grid cells are suitable for representing
the multi-points along fault lines (usually a center onva surface fault trace), areal seismic
source zone, and the sitesrof-the SHA investigation:/As a result, 21 areal seismic source
zones and 55 poly-lines of active fault' zones obtained in the previous chapters are
converted systematically tefeagh individual 0.05° x 0.05° points. The seismic hazard is
calculated for 0.25° x 0.25°¢qgrid ¢ells located between longitudes 92-106°E and

_—

latitudes 0-21°N. L 4
6.1 Deterministic Seismie Hazard Analysis‘i_

Krinitzsky (2003) highlighfé ihat DS-_.;Iii;AJ:uses geological or historical records to
identify earthquake sources and to.:interpret:.’;h_@ strongest earthquake each source is
capable of producing regard[@ss of time,jq_ég':_ayse that earthquake might happen
tomorrow. As we cannot safely predict when an earthquake, will happen, the Maximum
Credible Earthquakes:(MCES) as mentioned in chapter I"are what a critical structure
should be designed forf the structure is to avoid surprises affect a site.

In this .study; LOSHA" for, Thailand-and ,adjacent-areas are carried out by
considering the pastiearthquakes, 'assumed’ surface“rupture' lengths of the active fault
source _and _convert the length to the MCES aceording to. Well and Coppersmith
(1994)'s 'model (see also Tablé 4.2) The obtained IMCES -are assumes to occur within
the source at the shortest distances from source to site. Using this situation, the
attenuation relations are applied to estimate the PGA. The obtained PGA values indicate
the seismic hazard level produce the most severe shaking that possible to occur at a
site, without regard to the likelihood of occurrence of that earthquake. If there are more

than one earthquake sources considered in the study, all source are calculated the PGA

values in individual source. Thereafter when compare the PGA values from all
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earthquake sources, the strongest PGA is select to represent the DSHA value at that
site.

For instance, when analyze DSHA at Bangkok by considering the obtained 55
active fault zones (Figure 6.1), The MCES which calculated according to Well and
Coppersmith (1994)'s model are shown in Figure 6.1a whereas the Figure 6.1b reveals

the shortest source-to-site distance for individual earthquake source. Then, by evaluate

deterministically from the strong . ion attenuation model according to Idriss
(1993), the ground shaking ~.*;.: ' es shown in Figure 6.2c. From all

55 fault zones, the outstandi oh PGﬁ.vaIWording to the Ongkalak (no. 29)

and Three Pagoda (no. 49 r h indicate 0.087g and 0.12g, respectively.

As a result, the DSHA Iev

10.0

Maximum magnitude (Mw)
o
L=

52 55

Distance (km)

31 34 37 40 43 48 52 556

A3
N Tl Enens

2.E-02 5

0.E+00 IIII-IIIII.IIIIIIIIIIIIIIIIIIIIII .IIIIIIIIII.IIIIIIII.IIiIIIIIII

1.E-0
S 8.E-02

5]
oda FZ.

o™

Three Pag

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55
Fault no.

Figure 6.1. Deterministic seismic hazard of Bangkok analyzed from 55 active fault
zones. Note that, the fault numbers mentioned in the figure are equivalent to

fault numbers indicated in Table 4.2.
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6.2 Probabilistic Seismic Hazard Analysis
Mathematically, the PSHA approach estimates the probability A that a particular
ground-shaking level A is equal to or exceeds the ground-shaking level A, as shown in

equation 6.1 (Cornell, 1968):

A(A=A) = _stvi [[ fu (m) o (YPLA(M, 1) > A, | m, r]dmdr 6.1)

where f,,(m) is the probability densityfunction of earthquake magnitude (i.e.
frequency-magnitude model)«that descﬁbes the probability of earthquake occurrence
having a magnitude in.a given range;vl foi (r)is the probability density function for
source-to-site distancegP[A(MyT) 2 A, f"m,r] is the probability of exceedance of a
threshold value A, under the cond“iltion ibﬂét an event of magnitude M occurred at

source-to-site distance r4 The valle of P',[A(m,r) 2> Ay | m,r] depends on the strong

represents the activity rate,

ground-motion attenuation modet:used. The ceefficient v,

which implies the average rate of eérthquaké’o.ocurrence, for individual fault i from the

<44 A4

total of considering faults (NS )

0o

6.2.1 Probability density function of earthquake magaitude ( f,, (M))
In general, the-probabilities of earthquake occurren'cé (i (M)) on a given fault
follow the Gutenberg-Richter (G-R) relationship (Gutenberg and Richter, 1954; Richter,

1958) as shown in equation 6.2.

N(m)=10*""= el /™ (6.2)

where N{(m)is the number of events that are equal to or larger than a given magnitude
m, a and b are constants depending on empirical relationship between m and
N(m), f=2.303b and o =2.303a.

However, the G-R relationship usually fails for very large earthquakes due to
instrumental or even historical records that are generally too short comparing with the
recurrence interval of the large earthquake. Usually, the recurrence interval of large

earthquakes can determine from the geological record, for example, from fault slip rates
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(Youngs and Coppersmith, 1985). Up to the present, there are 2 models applied world
wide to determine the frequency—-magnitude relationship of the earthquake source as
described below;
Model 1: Exponential magnitude distribution model

Youngs and Coppersmith (1985) proposed the exponential magnitude
distribution approach to deal with maximum magnitude (M, ) and minimum magnitude
(m,;,) on individual earthquake sources (eguation 6.3). The lower threshold m_;, can
be evaluated from earthquake catalog data #f.m__.is known or can be estimated, the
cumulative distribution function-for the G*R relationship, with upper and lower bounds,

can be expressed as an exponential magnitude distribution model ( fy ., (m)) as

follows (dashed line in Figuie 6.2).

fueg(m)s= £0 )y for m<m,, (6.3)
- ﬁ(meman)
iy for m. <m<
1__ e‘ﬁ(mmax_mLmn)
' = M
0 form>m,_.,.

Youngs and Coppersmith (1985) also determined.an expression for the activity

rate (v, ) for the exponentialkmagnitude distribution model as shown in equation 6.4

exp)

 pAS(cEb)[L—e M ] (6.4)
Ve bM (;naxe_ﬂ(mmax_mmin) 1

where u is the rigidity or shear modulus (usually taken to be ~3 x 10° newtons/m?), Ais
the rupture area (ka), S is the slip rate (mm/year) for individual faults, M;*is the
seismic moment for m_. , and Cis a constant derived from the relationship between
seismic moment (M,) and magnitude (m) (equation 6.5). The relationship

between M and m has not previously been proposed for the Thailand region. In this



86

study, therefore, we assume that the constants ¢ = 1.5 and d = 16.1, as proposed by

Hanks and Kanamori (1979).

logM, =cm+d. (6.5)

Model 2: Characteristic earthquake model

This model is based on t '.’I' u‘

)

occur on a fault not to the.e 0 @des, but with a non-exponential
frequency distribution ( qu 6.2). oungs  and Coppersmith, 1985;

Convertito et al., 2000). ) acteristic earthguake model is assumed, it is

that individual faults tend to generate

t these characteristic earthquakes

possible to formulate

fyenar (M) = 0 (6.6)
Y o A, —mmaX-Amz ,
1—g P mm.n>“1‘__‘#}"’
wr=m<m__,
ﬂumwﬂmwmm
Here, the constant C in equation 6.6 is given by equation 6.7.
ARIANN I 913N Y
.- ﬂe L (Miax —Mpin —AM —Am, ) (67)

1_e_ﬂ(mmax min Amz) Amz

Parameters #, m , m_., and m_. are the same as in previous equations;
Am, and Am, represent two intervals, below and above the magnitude level mg,. .

respectively, which is the characteristic earthquake magnitude (Figure 6.2). Youngs and

Coppersmith (1985) proposed values of 1.0 for Am; and 0.5 for Am, . Note the unique



87

characteristic of f,,,,, (M), which refers to earthquakes with a magnitude in the range

from mg, to m_. (the “black plateau” part of the curve of Figure 6.2). Youngs and

char

Coppersmith (1985) also showed that the activity rate (v, ) between m,.. and m_, is

char

given by equation 6.8. where v, (equation 6.9) represents the activity rate for the non-

characteristic part (M, < m < mg,,) of f.. (M) and the constant K is given by

min

equation 6.10.

(6.8)

(6.9)

(6.10)

Jr ) 1

“ﬂﬂf?ﬂﬂiwm
ammw

=)
!

2
=2
)

3 4 5 6 7 8 9
Moment magnitude (Mn)

— Characteristic ----- Exponential

Figure 6.2. Hypothetical recurrence relationship for a fault showing the constraints

provided by seismicity data and geologic data (Kramer, 1996)
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For instance characteristic earthquake model, Ma Tha Fault zone (no. 22), based
on the input parameters in Table 4.2, the probability density function of earthquake
magnitude along the Mae Tha Fault Zone are calculated as shown in Figure 6.3. At Mw
4.15, probability of occurrence is 0.24 and decrease exponentially to 0.05 at Mw 5.95.
After that, the probabilities of occurrence illustrate the stable characteristic earthquake

at 0.04 during the Mw 6.25-7.

0.25
()
2
o 0.2
>
3
o 0.15
IS
2 01
=
9 0.05
a
0
6.55
. e '- _1 # 4 . .
Figure 6.3. Probability de ty,f n ,__:,,' \quake magnitude along the Mae Tha
Fault Zone accordmg—‘te:char Z.?“ﬁ ic earthquake model.
..--1" (. £
In the previous‘research work, Pai found that comparison of

o
both exponential mad]tude distri the Cha@cteristic earthquake models

provide practically similaf seismic hazard leévéls. In addition, it is difficult to determine

which of the tﬂ LS AL EIIIIN Bl Lot o e sucy ar

because no ewdenoe of characteristic earthquakes can be clearly identified in the
instrur@vt%a’rﬂmakarfc}@ @,d Mﬁﬂ %asmag %@ 7&] Pailoplee et al.
(2009)). 2\3 a result, this SHA study determine finally the sensitivity of the PSHA results to
the weights assigned to the logic-tree branches for both given frequency-magnitude
models by weighting in 0.5 probability of occurrence.

6.2.2 Probability distribution of source-to-site distance ( f5(r))

The probability distribution for distance from the site of interest to earthquake

rupture on the source is computed. At fist, measure the distances, I, from site to the
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earthquake point sources in point by point which assumed that ruptures cannot occur
beyond the boundaries of the source zone (or beyond the length of the fault). It was also
assumed that ruptures may occur with equal likelihood anywhere in the source zone (or
along the fault), as long as they are contained within the source zone (or the fault).

For a given magnitude range, the minimum and maximum of the obtained cluster
of distances are selected to be the lower and upper bound of the PSHA considering
distances. f,(r) was approximat M ing distance range into 50 equal intervals
and determining how many W res f: each distance interval, normalized
by the total number of rupmﬂesp@dlnwgmtude range) possible for the

entire source zone. / .

For example, Pro il

Chiang Mai province to t
The shortest distance s
According to Figure 6

maximum probability of o nce of 38 km).

©
N
(]

ﬂ)ability of occurence
o
(@)
N

g

AN AIRIEN 1Y

Figure 6.4. Probability distribution of source-to-site distance measured from Chiang Mai

province to the Mae Tha Fault Zone.

6.2.3 Probability of exceedance of a threshold value A, (P[A(m,r) > A, |m,r])
The threshold value A, is the prospected value of the ground shaking (i.e. PGA

or MMI) of interest in the PSHA. In this study, 300 cases of A starting with 0.005g and
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increase every 0.01g up to 2.995g are considered. The main aim of this section is to

determine the probability of exceedance of individual A, (P[A(m,r) > A, | m,r]) which

clarify step by step as following;

First step, for the individual given Mw (50 cases) and R (10 cases) obtained
from section 6.21 and 6.21, PGA are calculated based on the strong ground-
motion attenuation models as suggested in chapter V. This obtained PGA is
identified to be the mean of possible PGA value (m) which may varies
according the uncertainty representedsby. the standard deviation (o) of the
possible ground shaking-in-individual given-Mwand R .

Thereafter, from given PHA and o, the probability that a target PGA ( A,) will
be exceeded should an earthquélke in the given magnitude range occur at the
given distance interval s (P[A(mM,¥)= A, |m,r]), can computed from the
expression (equation 6.11).. _‘ #

J

dad

(6.11)

jq)(log(Ao);log PHA)

PLA(MIT) A ] m, &l

Whereas ® isithe probability according to noffial distribution.

Finally, given fM_(m) , fo(r), P[A(M, 1) > A, | m,—r];;émd v, equation (6.1) was
employed to céa_lculate the 'mean annual exceedance rate (A(A=A;)) for
various target A, dn.each area whichganalyzed the PSHA.

6.2.4 Hazard curves

After PSHA calculation accerding to equation 6.1, the exceedance rates

(A(AZ2A,) ) gives thesannual probabilityl that the target accelerations will be exceeded

should an earthquake capable of triggering the ground shaking on the site occur in any

of the earthquake source zones as shown in terms of the “hazard curves” (Figure 6.5).

The hazard curve shows the probability (Y-axis) of exceeding different ground motion

values (X-axis) at a site. Seismic hazard curves refer to a specific location within the

investigated area. This curve is important for clarifying the (1) probability of occurrence

in individual ground shaking of interest or (2) the ground shaking level in any probability

of interest.
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For instance, the hazard curve which plotted of the PGA against the probability
of exceedance at Chiang Mai province considering from the Mae Tha fault zone as
shown in Figure 6.5. From the curve, it is notable that;

- Process 1 in Figure 6.5: at Chiang Mai province, the ground shaking that equal

or larger than 0.5g occurs around 0.0001 time per year or in another word, 1

time in every 10,000 (cal. 1/0.0001) year return period.

- Process 2 in Figure 6.5: Chiang Mai province, If consider the probability of
occurrence at 0.000001, the groeund" shaking which have probability to

occurrence 0.000004+is-around 1g.

1.E+02 i 1

. \

o} =

C 1ot L 4
g \.} Hazard curvesy

— 1.E-04

2 N\ Al
a Z 3’.

& 1E-07

a8

" — - i
[T T T T [ T T T T [ T T T T[T T T T T T T T T AT T [T T 1711

1.E5G

0 0.5 1 L) 2 43 3 35
PGA(g)

Figure 6.5. The“hazard -curve of Chiang Mai province considering from the Mae Tha

fault zone.

6.3 PSHA Maps

Although the hazard curve as mentioned in the previous section is described
efficiently the various probability of occurrence in different ground shaking level at any
specific site, the hazard curve, however, cannot present in term of the map. In PSHA
mapping, the most useful way of presenting the SHA results are presented in the format
of finite time period of interest depending on the life-time of the infrastructure of interest

(Cornell, 1968). For example, normal building consider 50-100 year for the building
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available whereas the nuclear power plant or dam site may required 1000-10000 years
(Cornell, 1968). In the finite time period of interest, Kramer (1996) suggested two
representative methods to present the PSHA mapping in specific time period; 1) the
ground shaking map described the ground shaking value (i.e. PGA) possible to be
exceed in any specific % of interest and 2) the probability map which reveals the % of
probability that the ground shaking may exceed the ground shaking level (in MMI scale)
of interest. However in individual site, both kind of map are based on the same hazard
curve obtained from the PSHA method ‘as..deseribed previously. The detailed of
individual kind of PSHA maps-are described below:

6.3.1 Ground shaking.map

Ground shaking map reveals the spatial distribution of ground shaking value (in
unit of g) corresponding to@ particular probability of exceedance in a given time period.
From the obtained hazard €uwve; the gro@ng shaking level (PGA) can be evaluated
from fixed probability of€xcegedance«(Pr Oi)_) in the specific of time span (T ) as shown

in equation 6.12. i
o
#1244

Prob_ hazard = - ln({l,‘_»_—ﬁr ob) (6.12)

For example, in Chiang Mai, the acceleration level that has a 10% probability of

exceedance in a 50 year time period would be that;
In(1/Prab)i | fn(T+0:1)

IR oD 5

From the seismic hazard curve of Figure 6.5;5that the acceleration level that have

=0.0021

Prob _hazard =

the probability 0.0021 ‘would be approximately 0.4g. Therefore, the ground shaking of
Chiang Mai province corresponding to 10% probability of exceedance in 50 year is
0.4q.

6.3.2 Probability map

The probability map reveals the probabilities of exceedance (%) which may
equal or larger than the constant ground shaking interest in a given time period., the

probability of exceedance, Prob, is associated with the probability of the ground
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shaking will be exceed the ground shaking of interest, Prob _hazard, in the return

period , T, may be written as shown in equation 6.13.
Prob =1 — e(~(Prob_hazard)(T)) (6.13)

For example the at Chiang Mai, the probabilities that ground shaking will be

equal to or greater than levels 0.5g for the 50 year time would be that;

Pr Ob =1— e(—(Prob_hazard)(T)) Lo e(*(0.000l)(SO)) =0.49 = 49%

Therefore, the probability-that Chiang Maiprovince may be posed by the ground
shaking equal to or greater than levels 0.5g for the 50 year time span is around 49%.
6.4 SHA Results \

In SHA mapping, totally 2,061 points of 0.26" x 0.25° grid cells located between
longitudes 92-106°E and latitudes O—21TN are contoured. Several hazard maps as
described above are presenied in this sectmi{@_n.

6.4.1 DSHA £,
vl
The possible maximum“rac_celeratio_ﬂ-_ map (Figure 6.6) reveals the ground

shaking levels between 0g-0.8g in Thailand

gl

level are posed alongithe active fault zones supplementa’ryv with some background of

seismic hazard accdréing to the seismic source zones als&r‘ecognized in this SHA. The
earthquake-prone areas are in central Myanmar, Sumatra, Laos, southern China,
northern Vietnam, and northern and western_TFhailand. In.central Thailand, there is a high
hazard level in‘the afea-elose to the-Ongkalak Fault-Zone. Infsouthern Thailand, there is
seismic hazard associated with the Ranong and Klong Mardis'Fault Zones. For
northeastern ' Thailand, “althoughiithere~has | recently| been a| dramatic decrease in
reporting of earthquake ground shaking, the calculated seismic hazard reveals that the
far north, close to the Tha Khaek Fault Zone in Laos, may also be subject to damage by
seismic activity. In the Nicobar Islands and western Myanmar, close to the Andaman
subduction zone, the possible maximum acceleration map shows ground shaking of

around 0.6-0.8 g.
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Figure 6.6. Possible maximum acceleration map of Thailand and adjacent areas.
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6.4.2 PSHA

Several PSHA maps are presented here. The ground shaking levels are
presented in both terms of peak ground acceleration (PGA) of the ground shaking maps
and Modified Mercalli Intensity (MMI) of the probability maps as shown below.

For the ground shaking maps, the maps are conducted for 2% and 10%
probability of exceedance in 50 and 100 years (Figure 6.7). The spatial distribution of
seismic hazard from PSHA is also roughly/analogous to that obtained by DSHA, but the
hazard level is higher in PSHA than in DSHA.

For instance, taking.a.2% probability of exceedance in a 50 period (Figure 6.7a),
PGA values indicate high sgismie hazard (up to 3g) at the area located along the
Sumatra-Andaman Subdugction Zone Suc'Eh as western Myanmar and Nicobar Islands.
However, the PGA in Thailand shows the lower hazard when compare with those
countries of neighboring. Fhefhighest Ie?él)_of seismic hazard in Thailand posed in
northern and western regions and it decrez;s_es gradually toward the east and southeast.
The PGA values for 50 year in tHles'-e area{éré around 0.5g and 1g for 10% and 2%
probability of exceedance, resgeéﬁn\./ely. In'j;:?e'_r_J}ral and eastern Thailand, the ground
shaking is quiescence accordi_r_lg_ _t»o-.thiS PS@.ﬂgwever, one outstandingly high hazard

areais in the Ongkal,ék, Fault Zone in central Thailand.

In southern ‘Th‘é_iland there are two major fault zc;n'és, the Ranong and Klong
Marui Fault Zones. Judging from the surface rupture length of these fault zones, both of
them can generate jan ;eatthguake , with .a maximum. magnitude of around 6.8-7.
However, the Ranong fault zone has-a slip rate of 1 mm/year, whereas the slip rate of the
Klong Marui_fault zone is 0.1 mm/year (Table“4:2). The Klong“Marui Fault Zone,
therefore, does notthave more Sigaificantion seismi¢ hazard-comparing-with the Ranong
Fault Zone.

For the probability maps (Figure 6.8), northern Thailand has the potential to be
affected by ground shaking up to MMI level VI for 50 or even 100 years, whereas for
western and southern Thailand the levels are IV-V. For the rest of the study area, the
possible ground shaking is less than level IV and is zero in some places such as central

or eastern Thailand.
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a) 2% probability of exceedance in 50 years
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Figure 6.7. Probabilistic seismic hazard maps of Thailand and adjacent areas showing
the distribution of Peak Ground Acceleration (PGA) that exceeds in specific

% probabilities for return periods of 50, and 100 years.
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b) 10% probability of exceedance in 50 years
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Figure 6.7 (cont.) Probabilistic seismic hazard maps of Thailand and adjacent areas

showing the distribution of Peak Ground Acceleration (PGA) that

exceeds in specific % probabilities for return periods of 50, and 100

years.
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c) 2% probability of exceedance in 100 years
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Figure 6.7 (cont.) Probabilistic seismic hazard maps of Thailand and adjacent areas
showing the distribution of Peak Ground Acceleration (PGA) that
exceeds in specific % probabilities for return periods of 50, and 100

years.
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Figure 6.7 (cont.) Probabilistic seismic hazard maps of Thailand and adjacent areas

showing the distribution of Peak Ground Acceleration (PGA) that

exceeds in specific % probabilities for return periods of 50, and 100

years.
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a) % of ground shaking equal or larger than level IV in 50 years
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Figure 6.8. Probabilistic seismic hazard maps of Thailand and adjacent areas showing
the probabilities (%) that ground shaking will be equal to or greater than

levels IV, V, VI, and VII (Modified Mercalli Intensity) for return periods of 50

and 100 years.
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b) % of ground shaking equal or larger than level V in 50 years
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Figure 6.8. (cont.) Probabilistic seismic hazard maps of Thailand and adjacent areas
showing the probabilities (%) that ground shaking will be equal to or
greater than levels IV, V, VI, and VII (Modified Mercalli Intensity) for

return periods of 50 and 100 years.
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c) % of ground shaking equal or larger than level VI in 50 years
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Figure 6.8. (cont.) Probabilistic seismic hazard maps of Thailand and adjacent areas
showing the probabilities (%) that ground shaking will be equal to or
greater than levels IV, V, VI, and VII (Modified Mercalli Intensity) for

return periods of 50 and 100 years.
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d) % of ground shaking equal or larger than level VII in 50 years
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Figure 6.8. (cont.) Probabilistic seismic hazard maps of Thailand and adjacent areas
showing the probabilities (%) that ground shaking will be equal to or
greater than levels IV, V, VI, and VII (Modified Mercalli Intensity) for

return periods of 50 and 100 years.
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e) % of ground shaking equal or larger than level [V in 100 years
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Figure 6.8. (cont.) Probabilistic seismic hazard maps of Thailand and adjacent areas
showing the probabilities (%) that ground shaking will be equal to or
greater than levels IV, V, VI, and VII (Modified Mercalli Intensity) for

return periods of 50 and 100 years.
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f) % of ground shaking equal or larger than level V in 100 years
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Figure 6.8. (cont.) Probabilistic seismic hazard maps of Thailand and adjacent areas
showing the probabilities (%) that ground shaking will be equal to or
greater than levels IV, V, VI, and VII (Modified Mercalli Intensity) for

return periods of 50 and 100 years.
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g) % of ground shaking equal or larger than level VI in 100 years
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Figure 6.8. (cont.) Probabilistic seismic hazard maps of Thailand and adjacent areas
showing the probabilities (%) that ground shaking will be equal to or
greater than levels IV, V, VI, and VII (Modified Mercalli Intensity) for

return periods of 50 and 100 years.
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h) % of ground shaking equal or larger than level VII in 100 years
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Figure 6.8. (cont.) Probabilistic seismic hazard maps of Thailand and adjacent areas
showing the probabilities (%) that ground shaking will be equal to or
greater than levels IV, V, VI, and VII (Modified Mercalli Intensity) for

return periods of 50 and 100 years.



CHAPTER VII
DISCUSSION

In this study, both maps from DSHA and PSHA are developed for Thailand and
adjacent areas using integration of the active faults and seismic source zones. The best-
fit strong ground-motion attenuation models are applied to evaluate the SHA in more
accurate. Due to the different assumptions;and models are applied in this study
comparing with the previous works. Besidethe DSHA and PSHA results, the earthquake
sources and strong groumd=motion attenuation-models are also discussed in order to
clarify the origin of the obtained.nput parameters and assumptions analyzed with this
SHA. It is also noted that séme of these diseussion topics can be found in Pailoplee et
al. (2009a), (2009b), and (2010).

_—

7.1 Earthquake Sources _ v

7.1.1 Active fault #

There are some active fau-'lt fnaps ang %éult zones which are necessary for SHA
were proposed previously not o_nly.j‘n Thailn;;‘]-zj;_put also in foreign countries. However,
individual works usually focused in- the Iog?!_:ia_u_lt segments or in specific areas of
interest. The overview-of fault zones or fault éystems In the'regional scale is still lacked.
As a result, the databése of the faults is not complied systematically, yet. For instance,
DMR (2006) proposed-45 active fault zones within Thailand territory whereas Nutalaya et
al. (1985) interpreted, the, active faults by, focusing mainly in the eastern Myanmar and
including some faults'in=northern and western Thailand. Based 'on regional investigation
of remote sensing in this study, it iS clearly indieated that the Moei-Uthai Thani Fault
Zone (Saithong et'al., 2005) andithe Meei Fault Zene (DMR, 2006) are the same fault
system with the Tong Gyi Fault Zone of Nutalaya et al. (1985). Therefore, both of them
are grouped to be Moei-Tong Gyi Fault Zone (Figure 7.1a) which is meaningful in term of
tectonic and SHA interpretation. Moreover in this investigation, some fault zones are
proposed newly in the area which is not recognized previously, such as Chiang Rai,

Kawthuang, Mae Chaem, Moei-Tongyi, Shan, Wan Na-awn, and Wang Nua Fault Zones

(Figure 7.1b-h). Although, these new fault zones have never generated the big
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earthquakes in the instrumental records, there are some small to medium-magnitude
earthquakes shown in these areas, suggesting that these faults are not dormant from the

earthquake. Consequently, these fault zones are also recognized in this SHA results.
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From the paleo-seismological point of view, the Hutgyi area is located in the
northern branch of the Sri Sawat Fault Zone is selected (Figure 3.12). This selected site
is important because the Sri Sawat Fault Zone interpreted from this study is the longest
spray branch from the Sagiang Fault Zone and also its scarcity of earthquake activity
within the past century along the northern branch, indicating that it may be a seismic
gap capable of producing a large earthquake in the future. Based on trench log
investigations and geochronological data, itlis estimated that the maximum rate of fault
sip is 3.7 mm/year which is higher than 0.67-mm/year of the southern Sri Sawat branch
investigated by Songmuangret-al. (2007) and-Nutteeret al. (2005). This data imply that
although the seismic-quiescence” Hutgyi area didn't show any present-day seismic
activities, the tectonic actjvitiesi@ssociated earthquake is going-on which should not be
neglected in this SHA.

7.1.2 Seismicity v

For the seismicity mvestlganon only one previous work by Palasri (2006) was
reported thoroughly allowing the Comparlspn W|th this seismicity investigation. The

o
earthquake catalogues applled‘_rn this study: are more update than that used in the

previous works in term of recp_r_;ji,ng time spg_r‘.;l_n_ addition, this study added 3 global
earthquake catalogues integrated with the local TMD catalogue to make more reliable of
the earthquake recorcis., Since some catalogues didn’t record continuously impractical,
this technical problem*may lead to the erroneous interpretation of seismicity. The
seismicity parameters represented.by.the earthquakepotentials in individual seismic
source zones are shown in“Figure=7.2. Comparing=with' Palasri (2006), the estimated
maximum magnitudes are almost similar to this stu@y except the seismic source zone G:
Central Thailand, zéne L: '[Eastern! Thailand'—!/Cambodia, zene Q:*Gulf-of Thailand, and
zone R: Malaysia — Malacca (see also Figure 1.2a) which Palasri (2006) assumed to be
the non-seismic prone area which never posed by earthquake (Figure 7.2a).

In the aspect of avalues (Figure 7.2b), almost all of the a values obtained from
this study is in vicinity of those proposed by Palasri (2006) implies the same entire
seismicity rate in this region. However, although the seismic source zones G, L, and Q

can evaluate the maximum earthquake magnitude, the seismicity data themselves
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cannot analyze statistically the aand b values. This implies that these seismic source
zones are the non-seismic prone area. For zone R: Malaysia — Malacca, Palasri (2006)
ignored this zone in SHA. However, based on the seismicity investigation in this study, it
clearly indicates that zone R has a possibility to generate earthquakes. As a result it is

assumed in this SHA.
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Figure 7.2. Statistical graphs showing a) Maximum earthquake magnitudes proposed in
this study (black) and Palasri (2006) (grey); b), c), and d) are avalues and,
b values, and Magnitude of completeness (Mc), respectively, according to

the frequency-magnitude relationship (Gutenberg and Richter, 1942).
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Regarding b values (Figure 7.2c), most of b values obtained in this study are
lower than those suggested by Palasri (2006). In seismicity investigation, there are some
significant explanations for different b values. The decrease (increase) of b is
interpreted in the form of stress increase (decrease) before an approaching seismic
event (Scholz, 1968; Wyss, 1973). Therefore, based on b it is implied that Thailand
region can have the more stress accumulation and become more hazardous earthquake
than those proposed by Palasri (2006).

For the magnitude of completeness (M )(Figure 7.2d), Palasri (2009) didn't
recognize this parameterinsthe'SHA. Although-IMwis'not required for SHA, the M , as
defined by the magnitude above which all earthquakes are considered to be fully
reported, imply the capahility of ear‘thquéi‘ke recording network (Woessner and Wiemer,
2005). As shown in Figured7.2d, almost all‘seismic. source zones reveal the M lower
than magnitude 4.0 which s agsumed to b_.é the lower threshold magnitude (i.e. m; ) in
SHA (Kramer, 1996). Therefore, those seiémic source zones can apply efficiently the
seismicity parameter with . SHA. HbWéver, sé)jf)f-of them such as zone A, N, and T have
the M_ higher than the magnitude 4.0. Th’isﬁ.ﬁ;f}plies that these source zones are far

away from the seismic record networks andf;rhay..lack of recording in some earthquake

magnitude (in partieular the lower magnitude). Therefore fn.vthis SHA, the avalues are

assumed by extrapolation from the larger magnitude assdéiated with the obtained b
values.
7.2 Strong Ground-Motion Attenuation

For the, strong= ground-metion ‘attenuation® models,“several models were
proposed previously for the shallow crustal earthguakes in Thailand“and neighborhood
countries, for instance) Wanitchaiand*Lisantono®(1996)-recommended Esteva and
Villaverde (1973)’s model, Palasri (2006) proposed the model of Sadigh et al. (1997),
including Kobayashi et al. (2000)’'s model suggested by Pailoplee et al. (2009).
However, these proposed models are based on the calibration between the some
existing foreign models and 7 strong ground-motion records of Mw 5.1 earthquake
which occurred on 13" December 2006 at Mae Rim district, Chiang Mai province,

Thailand. Since a large number of strong ground-motion records were analyzed and
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reported by TMD (2006), these obtained more up-to-dated data leading to more
accurate of interpretation and selection of the suitable strong ground-motion attenuation
models for this SHA. Figure 7.3 shows the different strong ground-motion attenuation
models by Palasri (2006) including Idriss (1993) applied for this SHA. It is notable that if
consider only 7 points of strong ground-motion data reported in the past, the most

suitable model seem to be Kobayashi et al. (2000). However, if focusing in all existing

data at present, the trend of atten i aragteristic is compatible with the Idriss et al.
(1993) model as also propos : dee et al. (2008). Therefore, based

_’
on the most up-to-date nd—n!otiomposed recently by TMD (2006),

the most reliable strong ion: at ion_relationship for Thailand and
adjacent areas is the mo ‘
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Figure 7.3. Comparison of strong ground-motion attenuation models with the TMD
(2006)’s strong ground-motion data (grey circle) and the data of Palasri

(2006) (blue squares).
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7.3 Seismic Hazard Investigation

Based on maps of DSHA and PSHA shown in Chapter VI, it is notable that the
spatial distributions of the seismic hazard levels are directly dependent on both the
shape of individual active faults, seismic source zones and the seismic source
potentials. The obtained ground motion levels vary between 0.01g-1g in Thailand and
up to 3g can be estimated in the neighborhood countries (i.e. western Myanmar,
Nicobar Islands, and Sumatra Island where nearby the Sumatra-Andaman Subduction

Zone).

7.3.1 DSHA J

For the DSHA, Pailoplee” et al. (2009) proposed lately the map of DSHA for
Thailand and adjacent area«(Figure 7.4a)|. The map analyzed deterministically from the
active fault data with"the /MCES estimation according to Wells and Coppersmith
(1994)’s hypothesis. Sifong grounc_j—motiqﬁ gttenuation relationship of Petersen et al.
(2004) and Kobayashi etfal. (2000) are apéLi_ea for the subduction zone earthquake and
shallow crustal earthquake, respeéti&)ely. TheFDSHA levels vary from Og up to more than
3g. For this study the DSHA, all thé eartﬁé,[;é!gg sources are obtained from both the
active faults and seismic source zones. Strorﬁ_gqrggnd—motion attenuation relationship of
Crouse (1991) and |driss (1993) are applied >for the subduction zone earthquake and
shallow crustal ear‘[hqiunake. Comparing with the previoué work, the earthquake hazard
levels along the Sumatra-Andaman Subduction Zone are‘almost the same with Pailoplee
et al. (2009). This consistency due_ to the models. of Crouse (1991) and Petersen et al.
(2004) are similar in‘the-attenuation'‘eharactéristic'as-mentioned’in section 5.2 (see also
Figure 5.3). Regarding the inland eafthquake hazard, the results ofithis study are lower
than that proposed by Railoplee) et alw (2009). This| differenceloccurs for individual
applied strong ground-motion attenuation models. Although the attenuation
characteristic is similarity between Idriss (1993) and Kobayashi et al. (2000) along 10-
100 km of the source-to-site distance (Figure 7.3), the ground shaking levels estimated
from Kobayashi et al. (2000) are quite higher than that estimated by Idriss (1993) in the

distance less than 10 km. As a result, there are the most effect on DSHA. However,

comparing with the maximum PGA values recorded in individual TMD seismic record
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stations, the possible maximum acceleration map obtained in this study is effective and

enough for the earthquake-resistant strategy scenario.
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7.3.2 PSHA _ '

Comparing this workswith PSHA mapssproposed previously, the seismic hazard
levels evaluated from this!study arefhigher than their results at site by site. For Myanmar,
Giardini et al. (1999) reported the gseismic hazard levels with a, 10% probability of
exceedance'in 50 lyears of Myanmar is.around 4 m/sec (0.4g) at'western and central
Myanmar along the Sagiang Fault Zone and around 1.6 m/sec’ (0.169g) for the eastern
part. Petersen et al. (2007) constrain the PSHA result of 10% probability of exceedance
in 50 years proposed by Giardini et al. (1999). They reported that eastern Myanmar is
around 0.15g meanwhile 0.7g is posed along the Sagiang Fault Zone. However, it is

different when compared with this study. For 10% probability of exceedance in 50 years

the hazard levels reveal the 0.3g in the eastern and central Myanmar regions whereas in
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western part associated with the Sumatra-Andaman Subduction Zone is up to 1.8g of
ground shaking.

Regarding the past big earthquakes, Figure 7.5a shows the location of
earthquake (red star) with mb 7.3 occurred at Pyu, central Myanmar on 3 December
1930 and Figure 7.5b for the earthquake of Mw 7.3 at Rangoon, central Myanmar on 4

December 1930. After that, Brown and Le|cester (1933) analyzed macro-seismic and

reported the iso-seismal map dep|

(in MMI scale) according w

ribution of the ground shaking intensities

ed on the iso-seismal map, the

maximum intensity is ade dJcreaengdmund its source.
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MMI scale according to the 7.3-mb earthquake generated at Pyu, central
Myanmar on 3 December 1930, and b) for the earthquake of Mw 7.3 at
Rangoon, central Myanmar on 4 December 1930 (Brown and Leicester,

1933).
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When compared with the probability map which shows the probability of
occurrence of intensity levels VI-VII in 50-100 years (see Figure 7.6), it is notable that the
PSHA of this study does not show the probability of occurrence in even the ground
shaking level VIl in 50 and 100 year prediction (Figures 7.6a and b). At the earthquake
locations, there is only level VI of this PSHA that is the probability of occurrence around

20% or more.
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Figure 7.6. a) PSHA map of % of ground shaking = VIl in 50 years and b) 100 years.

c) PSHA map of % of ground shaking = VI in 50 years and d) 100 years.
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For northern Thailand, the ground shaking levels obtained from this study are
between 0.9g-0.5g whereas 0.3g-0.15g and 0.1g-0.05g and are proposed differently by
Wanitchai and Lisantono (1996) (Figure 1.7) and Petersen et al. (2007) (Figure 1.12),
respectively. However, PSHA in this study seem to be similar to Palasri (2006) who
indicated that northern Thailand have 2% probability of exceedance the ground shaking
around 0.9g-0.2g in 50 years. Based on the PGA recorded by the TMD during 2003 to
2007 as shown in Tables 5.2 and 6.8, the maximum PGA in individual seismic record
station in Thailand regions are shown in Eigure 7:7. The figure 7.7 reveals that the
maximum PGA which posea-te-Thailandin the-pastis-between 0.00004g-0.005g which
can apply safely the PSHA.maps proposed by Waniichai and Lisantono (1996) and
Petersen et al. (2007). Howeverbased onvlthe Iso-seismal map of the 4.6-mb earthquake
generated at Chiang Mai provinge on 12 December 2006 reported by the DMR (2006)
(Figure 7.8a), the map'shows the distributian of ground shaking intensities between II-VI
in MMI scale or 0.31g-0:65g when conver’;{rgm MM to PGA according to the Cancani
(1904)'s model as described in se-(n:_t:ipn 541}'_8 implied that the maps of Wanitchai and
Lisantono (1996) and Petersen et al: (2007) a'fé;_ui,nder—estimated in this iso-seismal case

study and the maps proposed.in-this study le—igujes 7.8b and c) are reported more safe

than both of them. lifgcus in the seismic hazard map pro_p‘;osed by DMR (2005) (Figure

1.8), the ground shaking for northern and western Thailand"ére proposed between level
V-VII (zone 2A) and VII-VIIl (zone 2B). The DMR (2005)'s map is also covered the
ground shaking-repornted in/thisrcase but seem to besslightly-mare than.

For Western and Central Thailand, two past earthquake events in Thailand are
reported, in.term.of .macro-seismological study (i.e.-Iso-seismal-map) allowing validation
the suitability"of SHA map in this“study. The first event is'the earthquake generated at
Tak province northern Thailand on 17 February 1975 (Prachaub, 1990) which showing
the distribution of the ground shaking between intensities V-VI (Figure 7.9a) and the
latter is earthquake event of the Srinakarin Dam, western Thailand on 22 April 1983
(Prachaub, 1990) with IV-VI (Figure 7.9b). Both earthquakes indicate that although the
earthquakes are generated from western Thailand, the earthquakes themselves affected

not only northern or western Thailand but also in the central part. The PSHA maps
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proposed in this study don’t report the ground shaking effect in the central Thailand (see
Figures 7.9c and d). This may be due to soft soil amplification which is excluded in this
study. Therefore, the characteristic of soft soil sediment associated with the ground
shaking ampilification should be taken into consideration in the further study particularly

in the central pain of Thailand.
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Regarding to southern part, the previous works mentioned that the southern
Thailand are low level earthquake-prone area. Petersen et al. (2007) reported the
possible PGA around 0.05g-0.1g and DMR (2006) suggested the intensities between V-
VII. There is no suggestion about the seismic hazard in southern part reported by
Wanitchai and Lisantono (1996), Palasri (2006). For this SHA study, the Ranong and
Klong Marui Fault Zone including some seismic-quiescence fault zones in southern
Myanmar (e.g. Kungyaungale, Tavay, and Tenasserim Fault Zone) are recognized. Both
DSHA and PSHA reveal that the southern .Thailand have a possibility to act by the
earthquake causing grounesshaking around-0.3g-0:8g particularly along the Ranong
and Klong Marui Fault Zones«Sinee the earthquake at the Gulf of Thailand on 8 October
2006 with the Mw 5.0, RID"(2006) investigated and proposed the iso-seismal map as
shown in Figure 7.10a. Thg'map showing the ground shaking posed along the southern
peninsular of Thailandbetween II—V_.IevelsITh}s earthquake implies that southern part of
Thailand is not entirelyssafe from the ear;h_qlua_ke hazard as Wanitchai and Lisantono
(1996) and Palasri (2006) suggest-ino_ﬁs. Hovv?,vder for this SHA study, it indicates that the
southern Thailand has a possibility.-for thelf-gfg:)und shaking level V more than 20%
(Figures 7.10b and c) with in the vieinity of th—:}s'g:seismal map reported by RID (2006).

According to"SHA comparison as discussed abév.e, it reveals that the SHA

analyzed in this study usually indicate higher hazard than"ihat proposed previously at
site by site. Empirically, these obtained SHA is availdble for the ground shaking-
resistance scepariop when compared withythe:past earthquakesTFhe PGA data recorded
by TMD constrain that ‘almost of previous SHA incltiding this SHA study are available.
However, based. on.the,iso-seismal maps; the-reported, ground shaking are usually in
vicinity of that proposed by this' SHA‘except some of the'large earthquakes in Myanmar
and the central plain of Thailand which the soft soil amplification are questionable.

In contrast with central Thailand, this SHA study reveals that northeastern
Thailand have a possibility to be posed by the ground shaking higher than the central
part. Empirically, northeastern part of Thailand should be peaceful from the earthquake
due to there is no clear evidence of earthquake sources or earthquake events are

illustrated in this area. However from Table 4.1, seismic source zone | (Khorat Plateau)
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reveals totally 16 earthquake events in this zone. This due to the boundary of this source
zone extends to the northern part of Vietham which covering both Song Da and Song
Ma active fault zone in Vietnam. As a result, this interpretation of this earthquake source

may have some erroneous and need to be redefined in further study.
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Figure 7.10. Map of western Thailand a) Iso-seismal map showing the distribution of
ground shaking intensities in MMI scale according to the 5- Mw earthquake
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CHAPTER VIII
CONCLUSION AND RECOMMENDATION

Seismic Hazard Analysis (SHA) is the research area in seismology which has the
strongest impact on society (Orozova and Suhadolc, 1999). The methods of SHA used
widely nowadays can be divided into two main scenarios: Deterministic seismic hazard
analysis (DSHA) and probabilistic seismic hazard analysis (PSHA). DSHA is based on
geology and is attuned to physical reality inesnature; PSHA is based on earthquake
statistics and theory guidea-numerical calculations:

Empirically, both appreaches have differences, advantages, and disadvantages
that often make the use of.ene advantageous over the other. According to the Krinitzsky
(2003)’s suggestion, DSHA" is/ugeful’ for désigning critical structures. However, PSHA
can be applied for preliminary. evaluations?or,_for risk analysis when these are unrelated
to design decisions onsa ciitical construciion. _In this research study both DSHA and

PSHA are clarified in order to use the adva'rjt_ages of both approaches. In this chapter,

works that have done in thé previous chapters are concluded and recommended as

following; _| \
8.1 Conclusions -
Based on the whole results of this study including literature research, they can
conclude that:
1. There are at least;55-carthquake fault zonessthatshave a«chance to generate the
earthguake which' effect'to study area (i.e. Thailand 'and ‘adjacent area).
2. Moei-Uthai Thani Fault.Zone (Saithong et at.; 2005) and Tong Gyi Fault Zone of
Nutalaya et-al. (1985) are thetidentical fault zone.
3. Six fault zones are proposed newly in this study consisting of Chiang Rai,
Kawthuang, Mae Chaem, Shan, Wan Na-awn, and Wang Nua Fault Zones.
4. Paleo-seismological investigation of the northern-branch Sri Sawat Fault Zone
(Hutgyi area) reveal the slip rate 3.7 mm/year which faster than 0.67 mm/year of

the southern branch investigated by Songmuang et al. (2007) and Nuttee et al.

(2005). This implies that the tectonic activities associated with earthquake are
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different along the fault zone. The more far away from the major strike-slip
Sagiang Fault Zone, the more decrease of seismotectonics.

For seismicity investigation, the seismic source zones G: Central Thailand, zone
L: Eastern Thailand — Cambodia, and zone Q: Gulf of Thailand are defined to be
the non-seismic prone area.

Almost of b values obtained in this study are lower than those proposed
previously, this imply that Thailand region accumulated more stress and more
hazardous earthquakes than those previous.work suggestion.

The high value of -magnitude of eompleteness (M ) in the seismic source zone
implied that zone A: Andaman subduction, zone N: Andaman Basin, and zone T:
Tenasserim are the underdevelop"pd area of the seismic detection network. This
problem may effecito the/potential of seismicity investigation in accurate.

For subduction'zone earthq_ual;es t_ﬁe strong ground-motion attenuation model of
Crouse (1991) is'mare compatible :?N_ith the Sumatra-Andaman Subduction Zone
than the Petersen et al. (2004)s mo'c;de;,;zl__.d‘

For shallow crustal earthgquakes the 'é-t'ré}ﬁig ground-motion attenuation model of
Idriss (1993) is the bestfitwhien comg;érg with the existing strong ground-motion

data recorded fin Thailand territory.

For SHA, thé‘ “spatial distributions of the seismi‘c"lhazard levels are directly
dependent on both the shape and potential of individual earthquake source
zones.

The hazard levels proposed in' this study are higher than that proposed
previeusly at.site, by.site.

The 'highesthazard act-along the 'Sumatra-Andaman-Subduction”Zone with more
than 1g.

The seismic hazard levels in Thailand are lower than the neighborhood countries
such as Myanmar, Sumatra Island, and Sumatra Island of Indonesia.

For Thailand, northern, western, and southern Thailand are the earthquake prone

area which may be posed by the ground shaking up to 0.8g.
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15. The northeastern Thailand releases the seismic hazard at medium level or
around 0.4g whereas central and eastern parts are quiescence from the
earthquake hazard.
16. Regarding to the probability maps, the maximum intensities that have a
possibility to generate is level VII in MMI scale.
17. Comparing with the ground shaking levels reported previously, the SHA of this
are effective to withstand the past ground shaking and implied that this SHA is a
powerful tool to predict reliably the /ground.shaking according to the upcoming
earthquakes. -~
8.2 Recommendations

Phenomenally, the earthquake gq"nerating process is quite complex depending
on various parameters. The ground:shaking predicted Dy SHA, therefore, difficult in
practice. Although thefmost up-to-date S!—ITA presented here is an important step toward
an accurate evaluation of seismic hazard pgotential in Thailand and adjacent areas, this
SHA itself is not complete yet Whi:bh mayfnot predict perfectly the ground shaking
generated in the future. More workxs needej;j?.iga refine this SHA. It is emphasized that
the extent to which geologi_c_:__a_l» -.informati‘(;?l__':(_:(_)ntributes to SHA and that such

assessments depend- on the quantity and quality of the da"{a_,oollected. To further refine

SHA in this region, rﬁo‘fe detailed active fault data are indisﬁensable. To this end, more
observations of strong ground-motion particularly the short source-to-site distance in the
region are needed.and.further seismo-tectoniC research-should-be encouraged to allow
the construction, of ‘a“strong“ground=motion ‘attenuation model specific to Thailand and
adjacent areas. Furthermore, it is Important to “note that the strong. ground-motion
attenuationmodels/considered in' this istudy 'derive /' PGA for the fock-site condition. In
areas covered by thick, soft soils, ground shaking will be much more severe than that

indicated by these SHA maps.
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Figure A.1. Graphs showing the frequency-magnitude distribution for the seismic source

zones cited in Table 4.1. Each triangle indicates the total number of

earthquakes for each magnitude; square represents the cumulative number

of earthquakes equal to or larger than each magnitude. The solid lines are

lines of the best fit. McC is the magnitude of completeness.
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Figure A.2. Graphs showing the frequency-magnitude distribution for the active fault
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Table B.1. Strong ground-motion data recorded by the TMD seis

oloc ’”ﬁmtwcrk The earthquake epicentral distributions are located
—

in the Sumatra-Andaman Subduction zone.

Event Long Lat Day Month  Year
1 95.704 19.87 21 9 2003
2 96.65 20.16 30 10 2003
2 96.65 20.16 30 10 2003
3 95.848 3226 26 12 2004
4 91.733 7.771 24 7 2005
5 94.188 4765 18 11 2006
6 91.516 8.431 8 1 2007
6 91.516 8.431 8 1
6 91.516 8.431 8 1
7 95.126 19.21 9 1 2007+
7 95.126 19.21 9
7 95.126 19.21 9
7 95.126 19.21 9
7 95.126 19.21 9
8 95.054 3.959

1 2007 4 9 KHLT TSAO'I 00

| ﬂ”l-{EJ ’WI 9T T

PBKT TSAO1 00

ent

"JZW gy

Digital Count  Distance (km) PGA (g)
2437 453 2.59E-03

270 407 2.48E-04

195 419 3.06E-04

2264 1159 2.02E-03

276 985 2.02E-04

309 701 3.26E-04

41 1016 2.14E-05

49 807 2.63E-05

35 906 1.87E-05

49 415 4.22E-05

71 617 1.04E-04

ﬂ §314 324 6.52E-04
147 696 9.17E-05

El r] UEI 687 2.91E-05
@ 1268 5.50E-05
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Event Long Lat Day Month Digital Count  Distance (km) PGA (g)
8 95.054 3.959 1 3 295 569 3.30E-04
8 95.054 3.959 1 3 78 714 1.31E-04
8 95.054 3.959 1 3 83 714 4.88E-05
8 95.054 3.959 1 3 88 671 6.71E-05
9 92.599 10.7 1 3 111 705 9.07E-05
10 97.292 1.979 7 3 219 668 3.56E-04
10 97.292 1.979 7 3 42 834 5.31E-05
11 95.776 2.859 7 4 29 1363 1.19E-05
12 96.209 15.62 26 4 101 275 1.21E-04
12 96.209 15.62 26 4 123 341 1.14E-04
13 94.549 5.059 27 4 2007 CHBT TSA0100 211 1215 2.54E-04
13 94.549 5.059 27 4 ﬂQU&I ’3 w HWS WAE]GU] ﬂ ‘52195 525 2.98E-03
13 94.549 5.059 4 007 KLT TSAO1OO 713 9.48E-05
13 94.549 5.059 27 q I']‘ ﬁ ﬂﬁ EI I'] El 649 1.92E-04
14 94.693 23.24 ﬁ 2@7 mMgl M ’]Tﬁ ﬁ 660 2.43E-05
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Table B.1. (cont.) Strong ground-motion data recorded by the TMD seis! ‘

located in the Sumatra-Andaman Subduction'ze -1:"‘

]

station network. The earthquake epicentral distributions are

L

Event Long Lat Day Month  Year | Station Instrument Digital Count  Distance (km) PGA (g)
15 94.693 4106 18 5 2007 275 583 2.86E-04
15 94.693 4.106 18 5 2007 41 740 1.65E-05
15 94.693 4106 18 5 2007. % URT 29 704 3.00E-05
15 94.693 4.106 18 5 90 691 3.58E-05
16 92.094 6.818 25 7 37 1452 1.99E-05
16 92.094 6.818 25 7 165 761 5.98E-05
16 92.094 6.818 25 7 78 945 3.48E-05
16 92.094 6.818 25 7 75 1716 4.31E-05
16 92.094 6.818 25 7 93 778 4.07E-05
17 95.776 19.43 30 7 0 831 7.15E-04
17 95.776 19.43 30 7 2007 CM MT TSA0100 916 350 4.69E-04
17 95.776 19.43 30 7 ﬂﬂﬂ ’3 % HﬂTﬁ W/E]GU] ﬂ §12‘I 854 8.10E-05
17 95.776 19.43 30 7 007 HMT TSAO1 00 272 3.03E-03
18 95.776 19.43 30 q I']‘ ﬁ ﬂ m '% EI I'] El 648 1.95E-04
18 95.776 19.43 3& 2@7 E? ?J rjqﬁ g 1155 1.92E-05
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Event Long Lat Day Month  Year - Digital Count  Distance (km) PGA (g)
18 95.776 19.43 30 7 2007 ‘ 0 121 933 8.89E-05
18 95.776 19.43 30 7 2007 40 1211 2.66E-05
19 93.675 14.4 25 8 2007 CMM . 54 757 2.33E-05
19 93.675 14.4 25 8 200 75 627 6.25E-05
20 93.675 14.4 25 8 2007 36 834 2.66E-05
20 93.675 14.4 25 8 2007 64 885 4.36E-05
20 93.675 14.4 25 8 2007 134 766 7.86E-05
21 93.675 144 25 8 2007 F=ESRDT 162 596 7.94E-05
22 93.675 14.4 25 8 l‘C—;‘:E‘E;m{‘ 64 825 2.59E-05
23 97.206 2.472 22 12 93 646 6.61E-05

2007 5 . Cm
AU INENTNYINS
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Table B.2. Strong ground-motion data recorded by the TMD seismic

main land South East Asia.

\ /)k The earthquake epicentral distributions are located in the

Event Long Lat Day Month Year . Station ‘7 ent  Digital Count Distance (km) PGA (g)
1 100.83 20.53 8 9 2007 | 34 407 3.98E-05
2 100.76 20.82 16 10 2007 38 473 6.18E-05
2 100.76 20.82 16 10 2007 € MM 130 296 7.88E-05
3 101.70 18.77 13 4 2006 | 70 97 2.28E-04
4 98.16 16.79 13 4 2007 389 241 1.33E-04
4 98.16 16.79 13 4 2007 94 307 2.73E-04
4 98.16 16.79 13 4 2007 375 226 3.96E-04
4 98.16 1679 13 4 2007 A4 <4¢:.'_,_ : 440 156 6.46E-04
5 100.69 20.53 17 5 20 %—'—‘_:':—_W:‘ 28 268 1.52E-05
5 100.69 20.53 17 5 2007+ 010 46 397 4.35E-05
6 97.87 19.94 22 3 2004 4 3 SSAO320 80 324 9.48E-05
6 97.87 19.94 22 3 ﬂﬁﬂ ’3% Emi Wﬂm ﬂ §325 171 2.27E-04
7 97.80 1936 15 CMAI SSAOSZO 255 138 1.563E-04
7 97.80 19.36 15 q I'] Q T'T‘» EI I'] UEI 319 3.05E-04
8 100.40 23.17 Aﬁ Zﬁ ? %ﬁ% ’jggf g 616 3.57E-05
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Table B.2. (cont.) Strong ground-motion data recorded by the TMD

in the main land South East Asia.

\‘ Iy)network The earthquake epicentral distributions are located

Event Long Lat Day Month Year Stafion ~ Instrument Digital Count Distance (km) PGA (g)
9 100.69 20.75 7 6 FTSAG 00 77 286 8.43E-05
9 100.69 20.75 7 6 \ ‘*\0\""'. 213 413 2.62E-04
10 99.60 22.51 30 5 35 514 4.29E-05
11 99.38 21.55 23 6 29 580 2.50E-05
11 99.38 2155 23 6 148 308 7.84E-05
11 99.38 21.55 23 6 171 407 1.84E-04
12 99.89 21.55 9 9 56 321 2.44E-05
12 99.89 21.565 9 9 0100 42 430 3.47E-05
13 99.96 20.38 18 9 — ,“‘“i'f“i‘- 119 362 1.13E-04
14 98.95 19.87 6 8 2006~ 4792 118 4.70E-03
15 100.61 20.67 16 5 2007 4 6 CMI\/IT TSA0100 38 274 1.66E-05
15 100.61 20.67 16 5 ﬂZUEJ ’aéﬁn E}/‘wﬁ WAE]GW ﬂ ‘i 38 402 3.40E-05
15 100.61 20.67 16 5 BKT TSAO1OO 458 3.62E-05
16 100.47 23.02 q I'I q T'T‘. % EI I'] El 605 1.28E-04
17 98.20 22.02 jﬂ 2@7 ? W fjigﬂ‘ @ 674 2.04E-05
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Table B.2. (cont.) Strong ground-motion data recorded by the TMD

in the main land South East Asia.

\\\ ’y)network The earthquake epicentral distributions are located

Event Long Lat Day Month Year Stafion  Instrument Digital Count Distance (km) PGA (g)
17 98.20 22.02 7 1 1@ "-v':'-t 00 28 854 2.23E-05
17 98.20 22.02 7 1 ' HL :0\"&,‘ 73 804 2.89E-05
17 98.20 22.02 7 1 | ‘ 298 429 3.04E-04
18 98.38 20.31 29 12 178 178 1.45E-04
19 103.43 20.82 2 5 17 541 1.83E-05
19 103.43 20.82 2 5 47 432 4.93E-05
20 100.76 20.60 15 5 161 278 7.60E-05
20 100.76 20.60 15 5 0100 60 448 9.11E-05
20 100.76 20.60 15 5 — - *""i"i'i‘- 153 406 1.90E-04
21 99.89 12.02 7 10 2006~ 010 45 712 2.90E-05
21 99.89 12.02 7 10 2006 5 0 MHIT TSAO1 00 42 838 3.86E-05
21 99.89 12.02 7 10 ﬂﬁﬂ fa(VI EJ’Wj w/%](ﬂq ﬂ ﬁ 64 520 1.44E-04
21 99.89 12.02 7 HBT TSAO1 00 280 1.66E-03
22 95.99 5.49 28 q I'I q m w EII'] El 1049 4.68E-05
22 95.99 5.49 Aﬁ 2@7 ?‘E§ SEHT ’]Tm ﬁ? 547 5.82E-05
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in the main land South East Asia.

Event Long Lat Day Month Digital Count Distance (km) PGA (g)
22 95.99 5.49 28 12 140 487 9.15E-05
22 95.99 5.49 28 12 368 496 2.45E-04
22 95.99 5.49 28 12 281 514 4.56E-04
23 100.61 21.70 23 6 106 799 8.29E-05
23 100.61 21.70 23 6 167 802 1.19E-04
23 100.61 21.70 23 6 260 571 1.81E-04
23 100.61 21.70 23 6 502 368 2.79E-04
23 100.61 21.70 23 6 1599 488 1.24E-03
24 99.82 21.55 23 6 84 1405 3.93E-05
24 99.82 21.55 23 6 43 1528 3.97E-05
24 99.82 21.55 23 6 2007 SKNT TSAO'I 00 197 681 1.86E-04
24 99.82 21.55 23 6 ﬂﬂﬂ fa% HW? W/‘E]GOI ﬂ §273 763 2.26E-04
24 99.82 21.55 23 6 BKT TSAO1 00 568 2.31E-04
24 99.82 21.55 23 q I']‘ ﬁ m EII'] El 319 5.58E-04
24 99.82 21.55 ﬁ 2@ r‘i? E’TTI ’]Tﬁ @ 319 2.26E-04
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Table B.2. (cont.) Strong ground-motion data recorded by the TM ,’y network. The earthquake epicentral distributions are located
in the main land South East Asia.

Event Long Lat Day Month Static instrument  Digital Count  Distance (km) PGA (g)
25 101.91 22.87 2 6 77 1546 4.16E-05
25 101.91 22.87 2 6 169 969 1.52E-04
25 101.91 22.87 2 6 482 708 2.52E-04
25 101.91 22.87 2 6 884 554 2.92E-04
26 101.05 20.89 16 5 62 1526 4.15E-05
26 101.05 20.89 16 5 114 1459 5.26E-05
26 101.05 20.89 16 5 152 1474 7.7TE-05
26 101.05 20.89 16 5 149 1349 1.13E-04
26 101.05 20.89 16 5 334 785 4.53E-04
26 101.05 20.89 16 5 971 727 5.73E-04
26 101.05 20.89 16 5 2007 CHBT SSAOSZO 273 915 6.56E-04
26 101.05 20.89 16 5 ﬂQU&I fgin Hm WAE]GW ﬂ ‘§'935 798 1.26E-03
26 101.05 20.89 16 5 BKT TSAO1OO 480 1.61E-03
26 101.05 20.89 q I']I ﬁ EI I'] El 323 2.69E-03
26 101.05 20.89 ﬂ 2@7 ri? %ﬂ?‘ ’]Tﬁ @2 451 5.16E-03
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160

in the main land South East Asia.

Event Long Lat Day Month Digital Count Distance (km) PGA (g)
27 101.33 4.01 20 9 43 2061 3.22E-05
27 101.33 4.01 20 9 78 1469 5.12E-05
27 101.33 4.01 20 9 105 1246 6.39E-05
27 101.33 4.01 20 9 96 1329 6.53E-05
28 99.87 2.65 13 9 109 2389 6.64E-05
28 99.87 2.65 13 9 129 2141 6.88E-05
28 99.87 2.65 13 9 177 1929 8.95E-05
28 99.87 2.65 13 9 246 1897 1.03E-04
28 99.87 2.65 13 9 299 1185 1.22E-04
28 99.87 2.65 13 9 2007 . 174 2229 1.23E-04
28 99.87 2.65 13 9 2007 6.9 UBPT TSA0100 236 2088 1.33E-04

‘o o
28 99.87 2.65 13 9 ﬂﬂﬂ fg% ﬂ:ﬁTﬁ W/E]GOI ﬂ §248 1734 1.34E-04
28 99.87 2.65 13 9 41007 6.9 KHLT TSA0100 239 1945 1.37E-04

¢ o e/
28 99.87 265 13 7 RNTT 0 ¢ 1348 1.63E-04
28 99.87 265 13 qq jﬁ’lﬁﬁ rﬁ? m:gé:m j:{m El "] ﬁ El 1296 2.02E-04
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Table B.2. (cont.) Strong ground-motion data recorded by the TMD seis i /

in the main land South East Asia.

161

etwork. The earthquake epicentral distributions are located

Event Long Lat Day Month Year V jon - Instrument  Digital Count

Distance (km) PGA (g)

28 99.87 2.65 13 9 2007 60 4 ‘ . 332
28 99.87 2.65 13 9 2007 <\ L. 743

1166 2.35E-04
1096 3.27E-04
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Table B.3 Strong ground-motion data recorded by the RID seismic ‘ “ /
\1

main land South East Asia.

o

york. The earthquake epicentral distributions are located in the

Event Long Lat Mw Distance PGA (g)
(km)
1 100.12 18.79 3.0 19 3.20E-03
2 100.36 18.58 3.2 26 1.45E-03
3 100.05 18.95 3.4 36 1.21E-03
4 19.96 18.93 3.4 48 1.12E-03
5 99.31 19.15 4.3 112 8.88E-04
6 99.19 18.97 4.9 117 1.53E-03
7 100.60 19.90 ‘. 5.0 154 5.95E-04
8 98.11 21.41 .-_’?f R ) 6.5 306 7.57E-04
9 95.73 19.90 21E 9 2003 . 6.6 430 2.78E-03

AN TUNN NN Y
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