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Abstract

The Standard Probabilistic Seismic Hazard Assessment (PSHA) negthodt fill in the
knowledge gap in the physical processes behind an earthquake. It can supply only generic
guidelines based on attenuation relationships. A more adequate definition sdighec ground
motion can be given by theeldDeterministic 8ismicHazard Analysis (NDSHA), which is based
on the possibility of efficiently computing realistic synthetic seismograby taking into account
the physics of seismic waves generation and propagation. NDSHA has beed appihany
countries (Panza et al., 2013), and has not yet been contradicted by observation. Eamtimprdke
assessment studieés Sumatra were based on PSHA, therefore we decided to apply NDSHA.
However, due to the complexity of fault systems and of tectonic settitighigh seismicity and
significant destructive earthquakes in that region, some modifications are required.

Sumatra Island is almost completely surrounded by several types of fewttsStinda
subduction, strike-slip and branching Sumatra fault, Ninety East Ridge and InvesRigiater For
the application of NDSHA, the faults have been classified into 1Breift seismogenic zones,
based on tectonic setting and clustering of focal mechanisms. Duesiaeghshape and complexity
of the seismogenic zones, an enhanced source definition procedure has besfulyamsloped
starting from the standard version NDSHA. Several new features and optionsbbene
implemented in the magnitude smoothing procedure, so that it is now possaxgiést ellipsoidal
smoothing with azimuthal decay and enhanced source depth definitions.

The structural model for density, Vp, Vs, Qp, and Qs has been compiled from relgitasna
for deep layers and using the global model (Crust 2.0 and Litho 1.0) for the upper onesdéhe m
consists of 49 layered structures, each associated with a polygon belongibjg1¢ grid, rotated
54 to be mostly aligned with the coastline.

An updated procedure for the quick generation of ground shaking scenarios based on the
computation of synthetic seismograms by the modal summation techniquedalibe rapid
execution of parametric tests successfully used to validate theusatunbdel for the case study of
the Takengon earthquake scenario July 2, 2013 M6.1. The results have been compared, fo
frequencies up to 10 Hz, with the ShakeMap produced by USGS, and with ther@geehs
recorded by BMKG. A satisfactory agreement has been obtained for both compariseps fe
the stations located on thick sedimentary layers that induce strongffsités, neglected in the
quick parametric modelling.

NDSHA has been used on the regional scale, i.e. the whole Sumatraarshadjlands, by
calculating synthetics seismogram from all the sources obtained appigingadified smoothing
procedure to the events available in the historical seismicity catalogiél2 sources have been
defined, and 953 receiver sites. An updated algorithm for path definition has lfieed de order
to reduce the number of synthetic seismograms required to obtain the hazard-amapach
receiver site the most significant sources have been sorted out, speediegcomputations by a
factor of 4.5 without compromising the quality of the final hazard map.



NDSHA has been applied also to the local scale using high resoluteml@stribing the
lateral heterogeneities along selected profiles, for microzonation purpossdrid method that
combines the 1D modal summation technique with the 2D finite differelrcégique has been
used to generate the synthetic seismograms, and to identify the artipfifipattern along the
profile. We investigated the local site effects observed for the sathmny basin at Banda Aceh
City. The basin is located between two bedrock structures, characterizedUokmga limestone
and the Ulee Batee volcanic rock. We considered two scenarios, from the sabdoce and from
the strike slip zone. The simulation results evidenced the correlatioedretmplifications and the
thickness of the sedimentary layers.

The enhanced NDSHA was successfully applied in Sumatra taking intode@ti®on
complex seismogenic zones, both on a regional and local scale. Future stodielsimprove the
definition of the structural model, mostly for its upper part, by performing regiomtzce wave
tomography instead of using global data. Detailed investigations should be dicatet to the
definition and characterization of proper extended source models for mega earthquakes.
Keywords: Sumatra, NDSHA, Source Definition Procedure, Microzonation.



Riassunto

Il metodo probabilistico standard per la stima della pericolosit™ s&s{fPSHA) non pu”
riempire adeguatamente il vuoto di conoscenza sui processi fisici afe@maco un terremoto. Pu”
solo fornire delle linee guida generiche basate sullOutilizzo di reladiiattenuazione. Una
descrizione pie adeguata del moto del suolo si pu™ ottenere mediante ladotuagia
neodeterministica (NDSHA), basata sul calcolo efficiente di sismuygrasintetici mediante la
tecnica della somma dei modi, eventualmente accoppiata con le rdifefmite nel caso di
modellazioni a scala locale.

NDSHA « gi” stato applicato in molte nazioni (Panza et al., 2013ysumi risultati non sono
stati ancora contradetti dalle osservazioni. Per quanto riguarda Sumatrmeledispericolosit™
sismica disponibili finora erano tutte basate su PSHA, e si « pertltiso di applicare NDSHA
anche a questa regione. A causa della complessit” tettonica da|l@éi@elevata sismicit” e della
presenza di terremoti distruttivi di magnitudo molto elevata, si ¢ riteappmrtuno implementare
alcune modifiche agli algoritmi solitamente utilizzati per defilgresorgenti sismiche e i percorsi
sorgente-sito.

LOisola di Sumatra « quasi completamente circondata da fagliédleddiserso: dalla
subduzione di Sunda ai sistemi di faglie ramificate strike-slip digdamnper finire con i Ninety
East Ridge e IOlInvestigator Ridge. Per I0applicazione di NDSHA lesfawlistate raggruppate in
15 zone sismogenetiche, definite in base allo stile tettonico, all@abeaelle faglie attive e alla
distribuzione spaziale dei terremoti finora osservati. A causa dellendioni delle zone
sismogenetiche, della loro forma e della loro complessit”, si ¢ riteppfmrtuno estendere le
capacit™ dellQalgoritmo che porta alla definizione delle sorgenticsisrii NDSHA, soprattutto per
guel che riguarda la procedura di lisciamento delle magnitudo riportate akigbatstorici della
sismicit”. é quindi ora possibile, in aggiunta alle opzioni finora disponil#finire il lisciamento
su forma ellittica con la possibilit” di un decadimento azimutiglevalore di magnitudo, nonchZ
agire con pie parametri sulla profondit™ delle sorgenti.

Il modello strutturale di densit”, Vp, Vs, Qp e Qs ¢ stato compilapaire da modelli a
scala regionale uniti a modelli globali (Crust 2.0 e Litho 1.0) per gli stugeeriori. Il modello ¢
costituito da 49 strutture stratificate, ciascuna associata a uomolidpe appartiene a una griglia di
1ix1j, ruotata di 54 per essere grossomodo allineata con la linea di costa.

€ stata parimenti aggiornata la procedura per la rapida generazione di dcecaotimento
del suolo, cos* da poter effettuare rapidamente dei test parametricicarsasuccesso per la
validazione del modello strutturale fatta utilizzando le registraziohitelgemoto M=6.1 di
Takengon del 2 luglio 2013. Il risultato della modellazione ¢ stato confrontatéecBhakeMaps
prodotte dallOUSGS e con gli accelerogrammi registrati da BMKG. Un accofdisfacente o
stato ottenuto per entrambi i confronti, se si escludono le stazioni ubicaiea spessa coltre
sedimentaria generatrice di forti effetti di sito, trascurati in questpide modellazioni
parametriche.

NDSHA - stato applicato a scala regionale, cioe allQintera @ioBumatra e alle isole
minori immediatamente adiacenti, generando i sismogrammi sintetpartre dalle sorgenti
ottenute con la procedura di lisciamento applicata ai cataloghi stmpainibili. Sono state definite
2612 sorgenti e 953 siti di osservazione dello scuotimento del suolo. LOalgoritmeglerione
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dei percorsi significativi da utilizzare nella generazione dei sismograsmstato adattato alle
dimensioni e alle caratteristiche dellOarea in esame, cos* deduoteril numero di sismogrammi
sintetici necessari per la definizione delle mappe di pericolo@thisa. Per ciascun sito di
osservazione vengono cos” selezionate le sorgenti pie significative, senpeomettere la qualit”
dei risultati ottenuti ma riducendo di un fattore 4.5 i tempi di calcolo.

NDSHA e« stato successivamente applicato anche a scala losaledo dati ad alta
risoluzione descrittivi delle eterogeneit” laterali del modello struguracorrispondenza di alcuni
profili selezionati a scopo di microzonazione. Un metodo ibrido che combieeni@a modale con
le differenze finite « stato usato per la generazione dei sismogramtetici e per identificare i
pattern di amplificazione lungo i profili. Sono stati studiati gli ¢iffeli sito per il bacino
sedimentario di Banda Aceh, localizzato fra le strutture calcarehatiniga e le rocce vulcaniche
di Ulee Batee. Sono stati considerati gli scenari di scuotimentoia$sia a terremoti avvenuti
nella zona di subduzione che nel sistema di faglie trascorrenti. | tiisidli@ simulazioni mostrano
una buona correlazione fra le amplificazioni ottenute rispetto a una condidyeslrock e lo
spessore della coltre sedimentaria.

La versione estesa e migliorata di NDSHA e stata in questo laygpbcata a Sumatra
tenendo in considerazione il complesso sistema di zone sismogeneadiehscsila regionale che a
scala locale. In una continuazione delle ricerche sarebbe opportuno migliocs#niaione del
modello strutturale, soprattutto nella sua parte pie superficiale, mediaalesi tomografica delle
onde di superficie. Studi dettagliati dovrebbero anche essere dedicataratterizzazione delle
faglie responsabili dei terremoti di magnitudo pie elevata e alla nexiehe del rilascio
dellOenergia sismica.

Parole chiave Sumatra, NDSHA, Definizione delle sorgenti sismiche, Microzonazione



Abstrak

Metode Probabilistic Seismic Hazard Assessmé@RSHA) memiliki keterbatasan dalam
memahami perhitungan secara fisis proses terjadinya suatu gempa bumip8dmtuagan hanya
didasarkan pada persamaan attenuasi. Perhitungan yang lebih teliti tentarigbtingik@ gempa
bumi dapat dilakukan dengan metoNeo-deterministik Seismik Hazard Assessn{BimSHA)
yang menggunakan proses komputasi yang efesien untuk melakukan perhitungan fisis dari sumbe
gempa saat gelombang seismik dibangkitkan hingga proses perambatannya hingga mencap:
penerima. Metode NDSHA telah diterapkan di banyak negara (Panza et al., 20E&)jaldn ini
menunjukkan kecocokkan dengan hasil pengamatan lapangan. Kebanyakan kajian bahayga gempa
Sumatera didasarkan pada metode PSHA, sehingga dirasa perlu untuk menerapkan metod
NDSHA. Namun karena Sumatera memibistemsesar dan kondisi tektonik yang rumit, intensitas
gempa yang tinggi, serta banyaknya gempa bumi besar yang merusak, sehingga perlu dilakuka
modifikasi metode yang selama ini telah digunakan.

Pulau Sumatera dikelilingi oleh berbagai tipe patahan, dari subduksi Sundan Eaba
serta pencabangannyayinety East Ridgedan Investigator RidgeUntuk menerapkan metode
NDSHA, zona sumber gempa dibagi kedalam 15 bagian yang didasarkan pada kondikidektoni
mekanisme gempanya.Pengayaan versi standar NDSHA telah berhasil dilakukamemagani
besarnya variasi kekuatan gempa, distribusinya, dan komplektisitas sumber zonaljsampging
itu telah ditambahakan fasilitas baru diantaranya presesothingmagnitudo gempellipsoid
smoothingserta penentuan kedalaman sumber gempa.

Model struktur kerapatan massa, Vp, Vs, Qp, dan Qs diperoleh dari hasil kordates
regional dan khusus untuk lapisan atas digunakan model global (Crust 2.0 dan Litho 1.0). Model
tersebut terdiri dari 49 struktur dan setiap poligon meliputi area 1jx1j grid yang rdif#sa
sehingga sejajar dengan garis pantai.

Prosedur untuk membuat skenario goncangan tanah berdasarkan perhitungan seismograr
sintetik dengan tekniknodal summatioyang dapat dihitung secara cepat dengan bantuan program
tes parametrik. Program tersebut telah berhasil diperbaharui serta dilakukiasiy@da model
struktural untuk studi kasus gempa Takengon 2 Juli 2013 M6.1. Perbandingan tersebut berhasi
dilakukan dengan membandingkan hasil simulasi pada frekuensi maksimum 10 Hz, dengan
ShakeMappeta goncangan tanah) yang dihasilkan oleh USGS dengan akselerogram yang direkar
oleh BMKG. Perbandingan tersebut menunjukan hasil yang akurat kecuali pada betaesiapa s
yang terletak di lapisan sedimen tebal yang mengalami efek tapak yandakutktor tersebut
diabaikan pada test parametrik.

NDSHA telah digunakan dalam skala regional, yaitu di Sumatera dan di teutskat
lainnya, dengan menggunakan data sintetis seismogram dari sumber gempa yangikidedrnii
proseduismoothingyang telah diperkaya dalam penelitian ini. Setelah memasukan datatdag
sejarah kegempaan maka terdefinisikan 2.612 sumber gempa dan 953 lokasi penkximéL,Se
algoritma jalur sumber-penerima telah berhasil diperbaharui dan yang digunakan umtuluken
seismogram sintetik yang kemudian akan digunakan untuk menghasilkan peta bahaya gempe
Dengan memilih jalur sumber-penerima yang relatif signifikan, maka prosegukasn dapat
dipercepat hingga 4.5 kali tanpa mengurangi kualitas hasil akhir dari perhitungabapaia
gempa.

Vi



NDSHA telah diaplikasikan juga untuk skala lokal dengan menggunakan data resolusi
tinggi yang mampu menggambarkan heterogenitas lateral pada profil tertentu untuk tujua
mikrozonasi. Metode hybrid, yang merupakan gabungan tekmélal summationlD dengan
teknik finite differenceD, telah digunakan untuk menghasilkan seismogram sintetik serta mampu
mengidentifikasi pola amplifikasi pada suatu profil. Pada penelitigelat diteliti efek tapak lokal
untuk cekungan sedimen di Kota Banda Aceh. Cekungan ini terletak di antara dua batudar
dasar, ditandai dengan batuan kapur Lhoknga dan batuan vulkanik Ulee Batee. Padanpenelit
digunakan dua skenario, dari zona subduksi dan dari zona sesar. Hasil simulasikiikem
adanya korelasi antara amplifikasi dan ketebalan lapisan sedimen.

Metode NDSHA yang diperkaya telah berhasil diterapkan di Sumatera denganguanam
menangani zona sumber gempa yang kompleks baik dalam skala regional maupun lokal.
Pengembangan lebih lanjut dimasa yang akan datang diharapkan dapat menggunakan mod:
struktur lapisan bagian atas yang lebih akurat dengan menggunakan data tomografi vagamal
dari data global. Khusus untuk gempa-gempa besar harus dilakukan penyelidikan yang lebih rinc
dengan menggunakan model sumber geexpended

Kata kunci: Sumatera, NDSHA, Definisi Sumber Gempa, Mikrozonasi
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1. Introduction

Located in the western part of Indonesia, Sumatra is the second bidgedt iis the
country. Measuredt about 1,790 km in length and 435 km in width, the island esibe equator
near the center. The interior of Sumatra is dominated by two geographical regermiarisan
Mountains in the west and the swampy plains in the east. The volctimityanostly occurs along
the Barisan Mountains chain, where the active volcano Mount Kerinci regidesut the midpoint
of the chain. The volcanic activity endows the region with fertile lavtlkeautiful sceneries, for
instance those around Lake Toba. Furthermore, the volcanic activity also etiighregion with
deposits of coal and gold. And because Sumatra is located on the Rauffiof Fire, it also
experiences some of the most powerful earthquakes ever recorded, such &3 17&% 1833,
1861, 2004, 2005, 2007, 2012.

The Great Sumatran fault (a strike-slip fault) and the Sunda megathsugidiaction zone)
dominate the entire length of the island along its west coast. On Z8nbec 2004, the western
coast and islands of Sumatra, especially the Aceh province, were stru¢kumami following the
Indian Ocean M9.0 earthquake. More than 170,000 Indonesians were killed, mostly in Aezh. Ot
more recent earthquakes that struck Sumatra include the March 2005 and the Zix6tssumatra
earthquakes.

1.1 Previous Seismic Hazard Maps for Sumatra

The first available seismic hazard assessment study of Indonesth, wtiudes Sumatra
island, and used in the seismic building code in Indonesia dates back to 1983isdmased on
Beca and Ferner (1978) work (Figure 1.1, left). In 2002, the Minister for Public \Wekerjaan
Umum (PU), released a new seismic hazard map based on probabilistic metlbdl) (r&ler
Standard National Indonesia (SNI 03-1726-2002) (Figure 1.1, right).

Since the seismic hazard map was published in SNI 03-1726-2002, many updatesmeeded
be incorporated in the next seismic hazard map in order to get a more aacgra®re reliable
estimation of peak ground acceleration. These updates include the resemt saitivities, the
latest research works regarding fault characteristics around Java and Stimadtrgprovements of
the method in seismic hazard assessment, and the latest provisiorsnational Building Code
2000 (IBC 2000) (Irsyam, 2008). Those updates from 2002 to 2010 should have improved the



estimation of PGA in the hazard map. However, according to the scoreH#FR; $hey had done

little in improving the estimation. The result showed that PSHA alorse ah@oor predicting
capability, which had been confirmed in the studies by Kossobokov & Nekrasova (2012) and
Nekrasova & Kossobokov (2012).

(Hasil Studl Beca Carter Mollings and Ferner, 1978)
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Figure 1.1The early hazard map ed for building code from 1983 to 20@BNI, 2003 (left). The seismic
hazard map, approved by SNI, was used from 2002 to 2@itt).

1.2 Current Seismic Hazard Map

In 2009, PU establigid a team to revise and update the SNI 03-1726-2002 seismic hazard
mapby using not only probabilistic method (PSHA) but alsaleterministic method (DSHA). The
outcome was the current seismic hazard map standaralizedational scale. This hazard map is
known as the building code of SNI 1726-2012.

The teamOs assessment used three seismic source models: faslibohraion zone, and
gridded seismicity. The earthquake source models were derived by taking into adcavatiable
information from earthquake catalogs, tectonic settings, geographical and gaalatgc and focal
mechanisms. The fault soureeas treated as a plane in a three-dimensional space, where the
calculation ofa distance from a site takes place on a certain point along the flaaefault
parameters used to develop the seismotectonic sources were faultftreedemechanism, slip-rate,
dip, length and width of the fault.

Because the ground motion records needed to develop an attenuation relationship (GMPE
in the Indonesian region were insufficient, the relationships from the regernesused instead. The
selection of the other regiongas based upon the similarity on the source characteristic, geologic
and tectonic conditions where the attenuation functions had already been d&vBopt of the

attenuation relationships in the assessment were those from theGdpgtation Attenuation



(NGA), which was derived using the worldwide observed earthquake data.

The new Indonesian building code, SNI 1726-2012, follows the concept of MCEG, used by
ASCE 7-10 for the purpose of geotechnical calculation. The calculation conflatiethe results
from PSHA within 2% probability of exceedance in 50 years (2,500 years earthquakieyrand
DSHA within the area located near the active fault. Both approaches aredutiizording to the
procedure proposed by Leyendecker et al. (2000).

The map shows thRGA estimation involved in the recent Indonesian Earthquake Resistant
Building Code SNI 1726-2012 (Figure 1.2). SNI 1726-2002 partially adopts the concept of Unified
Building Code (UBC) 1997, for better preparedness for any potential disaster caussttdng
earthquake. The occurrence of many strong earthquakes in Indonesia (e.g 2004, 2005 and 200
earthquakes) motivated the release of this map. Some of these ard#jguakes were the 2004
Aceh Earthquake (Mw 9.0D9.3), whialasfollowed by a tsunami, and the 2005 Nias Earthquake
(Mw 8.7). These earthquakes underline an urgent need to consider a new conceptudh approac
technological shift shown in the transition of UBC 1997 to IBC 2000, which later evbiviner
into the current IBC 2006.
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Figure 1.2, (left) Seismic Hazard Map of Indonesia (SNI 1726-2012): 10% probabili
exceedance in 50 years (URL: http://loketpeta.pu.go.id/peta/zonasi-gempa-indonesia-# ) e
same data plotting scale we used in this study.

The probabilistic and deterministic maps for estimation of seisnziartian Indonesia have
been developed badupon updated available seism tectonic data, implementing new faultanodel
incorporating new GMPE as NGA, and dividing seismic sources into the satuction, and
background zones. Due to the absence of GMPE developed using data observed from thi@,Indone
as well as to the disruption of the tensor nature of the earthquake ground motibctegrby
continuum mechanics, in the computed strong motion, caused by the adoption of these
relationships, there is a need foreliable and rigorous definition and characterization of seismic

hazard parameters.



1.3 Early Effort to Produce Deterministic SHA for Sumatra

As an active fault, Sumatra Fault can caassgnificant hazard because w$ shallow
hypocenters anitis proximity to the highly populated areas. However, the proximity from the active
faults does not always meanuniform level of hazard. Although the slip rate is high in some
portions along the active faults, they may not accumulate a signifitaim 8 producea large
earthquake. That is the case as shown by Natawidjaja & Triyoso (2007).siudirinvestigated
the Sumatra Fault and atteragtto produce the DSHA map. By taking into account the fault
segmentation and the source parameters, the map hypothesized to show tleel Exp&etithin
the maximum credible earthquake (MCE) as shown in Figure 1.3 (left).
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In addition, they also used the attenuation relationship developed by Fukushiarzaka
(1990). The examples of the results are shown in Figure 1.3. In general, theimdgdte that the
earthquakes witla magnitude of 7 give out PGA > 0.3g and PGA > 0.5¢g for the distance of the
source site less than 45km and 10km, respectively. Based on those physicdéisiaracof an
earthquake source, Fukusta& Tanaka (1990) consider the saturation of acceleration amplitude in
a near-source region, whose extent depends on the size of the earthquaketeruneicat



relationships that Fukushima & Tanaka (1992) proposed are also used by GSHAP (1999) for
Indonesia and Malaysia. Petersen et al. (2004) found thsegdttenuation relationships are reliable

to have been applied for the sites up to 500 km away from the seismicssotitbe subduction-

zone type, whereas the attenuation relationships propos¥dumg et al. (1997) give inconsistent
values for the sites more than 200 &may.

The deterministic seismic hazard map strongly depends on the atteraatations being
applied to the whole area. This assumption does not take care of theerisies of the structural
models, which differ from place to place. A study to evaluate an earthquake-haztantial
requires a set of appropriate data on the fault segmentations thatidetgrenmaximum credible
earthquake (MCE) from the fault slip rates and the geometry fault rupturesforeethis study
uses this source of information to reliably define and characterize the WD the available
modern instrument. Natawidjaja & Triyoso (2007) have studied the Sumatra dipiKaust to
define the MCE based on the field geology and the historical seismitieydefined values from

their study are also used in this study.

1.4 The Neo-Deterministic Seismic Hazard Assessment

Recent advances in the physical knowledge of seismic waves generatipropagdation
processes, along with the improving computational tools, make possible tistaeatideling of
the ground shaking caused by an earthquake, taking into consideration the complexiies of
source, and of the propagation path. A neo-deterministic scenario-based appre&rhitohazard
assessment (NDSHA) has been developed for naturally supplying the rdafisticeries of
ground shaking, including reliable estimates of ground displacement readily appltoabie
seismic isolation techniques. The NDSHA procedure, which representstia drasancement of
DSHA, permits incorporating, as they become available, new geophysical and caliaga, as
well as the information from the different Morph structural Zonation (MZ) dpesl for the space-
time identification of strong earthquakes. All this leads to the nadefalition of a set of scenarios
of expected ground shaking at the bedrock. On the local scale, further investigationse
performed taking into account the local soil conditions, in order to computeeirais input
(realistic synthetic seismograms) for engineering analysis of relevantus&igjcsuch as historical
and strategic buildings (Panza et al., 2013).

The NDSHA approach has already been applied in several regions worldwiddjngch
number of local scale studies accounting for two-dimensional and three-chmednateral
heterogeneities in inelastic media. A pilot application of the approachyding the detailed
evaluation of the expected ground motion accounting for site effects amdicseisgineering
analysis, has been carried out at a site located in the Friuli \Ae@aualia Region (NE Italy).



Furthermore, some applications using a highly efficient analytical methodoleggioped for
modeling the propagation of the seismic wavefields in three-dimensinakdsiic media are
presented. This procedure, based on the computer code developed from a detailed kindwiedge
seismic process and the propagation of seismic waves in heterogeneous media, allows not only
the detailed study of instrumental and macroseismic data but alsoaligiaesstimate of the
seismic hazard, in those areas for which scarce (or no) historical or instalnméormation is
available, and the relevant parametric analysis: different sourcerantistl models can be taken
into account to create a wide range of possible ground shaking scenarios frdmtaviidract
essential information, including uncertainty ranges, for decision making (Panza et al., 2013).

NDSHA is an innovative, but already well consolidated, procedure that supgdikestic
time histories, with very solid physics roots, from which it is natural teexe peak values for
ground displacement, velocity, and design acceleration in correspondence of eartvgnakes
(e.g. Parvez et al.,, 2010; Paskaleva et al., 2010). The synthetic seismognabes eféiciently
constructed with the modal summation technique (e.g. Panza et al., 2001; Lat\Mura011) to
model ground motion at sites of interest, using the available knowledge pifiykigal process of
the earthquake generation and wave propagation in realistic media, and thésiiadssible to
easily perform detailed parametric analysis that permits to accoumheouncertainty in input
information.

In addition, the proposed methodology for seismic microzoning has been successfully
applied to several urban areas worldwide in the framework of the UNESCQIBGS projects
ORealistic Modeling of Seismic Input for Megacities and Large Urbars@réag. Panza et al.,
2001, 2001b, 2002), as well as in the framework of various scientific networksSiientc
Hazard and Risk Assessment in North AfricaO, "Seismic microzoningiofAraerica cities" and
OSeismic Hazard in AsiaO. The methodology has been applied to lessegsottance of non-

synchronous seismic excitation of long structures, like dams and bridges, as well.

1.5 The Advantages of using NDSHA for Sumatra

NDSHA addresses some issues largely neglectedtiaditional hazard analysis, namely
how crustal properties affect attenuation: ground motion parameters are notl deviveoverly
simplified attenuation relations, but rather from the synthetic timerhast Starting from the
available information on the EarthOs structure (mechanical properties)c sssmties, and the
level of seismicity of the investigated area, it is possible timate PGA, PGV, and PGD or any
other parameter relevant to seismic engineering, which can be extractedhonomputed

theoretical signal.



The evidenced limits of PSHA estimates, which are due not onhatoitgcof data, but also
to the not valid physical model and the mathematical formulation empl@g=stianos H. e Lomnitz
C., (2002), PSHA: is it Science? Wang, 2011; Paskaleva et al., 2007, 2686ome unacceptable
when considering the number of casualties and injured people (Wyss et al., 2012yolMireg
situation makes it compulsory for any national or international regulation to be tpe
accommodate the most important new results, as they are produced anddvalydéie scientific

community.

Table 1. List of the deadliest earthquakes occurred during the period 2000-2011, and the
corresponding intensity differenceks)o = Io0M " lo(mPGA) , among the observed values and
predicted by GSHAP o(M) and b(mPGA) are computed from the observed magnitude M and the
maximum GSHAP PGA around the observed epicenter, see (Panza et al., 2008ok@ssand
Nekrasova, 2010).

Region Date M | Fatalities Intensity
difference! lo
Sumatra-Andaman Olndian Ocean | 26.12.2004| 9.0 | 227898 4.0
DisasterO
Nias (Sumatra, Indonesia) 28.03.2005| 8.6 | 1313 3.3
Padang (Southern Sumatra, Indones 30.09.2009 | 7.5 1117 1.8

The lessons learnt from the largest earthquakes, occurred in Sumatra dulast) deeade,
show that the performances of the standard probabilistic approacbetsmic hazard assessment
(PSHA) as implemented by GSHAP are very unsatisfactory (e.g. Kossobokov andoMakras
2010). This is due not only to scarcity of data (epistemic uncertainty) butcaktbe not valid
physical model and mathematical formulation employed (Wang, 2011; Paskaleta 2007
Castanos and Lomnitz, 2002). Moreover, it is nowadays recognized by the engineering ¢gmmuni
that PGA estimates alone are not sufficient for the adequate design, in partfoul special
buildings and infrastructures, since not only the velocities but also theadisgats may play a
critical role, and the dynamical analysis of the construction response remom@plete time series
of ground motion. Therefore, the need for an appropriate estimate of the degianid, aimed not
only at the seismic classification of the national territory, but atsthe capabty of properly
accounting for the local amplifications of ground shaking (with respect to bedresckillaas for
the fault properties (e.g. directivity) and the near-fault effects, is ssipge concern for seismic
engineers.

The implementation oNDSHA is challenging due to the complex tectonic setting, high
seismicity and the nowell-known but complex structural model of Sumatra. An earthquakeawith
magnitude of 9 can generaglobal disaster. In turn, such a disastdr attract many scientist to
investigate the area and also help to increase the awareness of disastdr in Indonesia and



worldwide. Compared to other regions, Sumatra has no well recorded history of earthquakes.
Ambiguity in determining the historical earthquakes also gives someuttitfie especially those
occurred inland. Other significant difficulties come from the limit&drimation available about the
crust structure model in the uppermost 20 km, which may signifycamiuence the result of
synthetic seismogram from which the pickup PGA to be pathiazard map. The complexity of the
tectonic setting in Sumatra can create its own challenge when rapphyg NDSHA method.
Therefore, a detailed evaluation and improvement in the smoothing procedure addiEHA

is also neededo treat each seismogenic zone individually depending on its tectoniogsett
complexity, more details is available in ChaptefF&: a practical requirement, especially for the
capital city of Banda Aceh, whicis located in an alluvium sediment zone, this study also
investigates the amplification effect using such a hybrid method (Falhy 4994 and Panza et al,
2009). This study will be used to mitigate an earthquake disaster in BantaaAdeto help to
create a plan to deal with any seismic hazard in the future.

1.6 Area and Scope of Study

Indonesia is the world's 15th largest country in terms of land area, and wanlisyest
country in terms of combined sea and land area. There are 17,508 islands bet@eandl@jN
latitudes, and 95;jE and 141;E longitudes. During the last decades, many deszauid studies
concerning Sumatra have been carried out, e.g. Petersen et al. (2004) (PSHApamdydaet al.
(2007) (DSHA). Sumatra is the most active tectonic zone in Indonesia bedatsepresence of
the oblique subduction process that produced the Sumatra Fault, along which desteualtive
earthquakes have occurred. Consequently, the applicatdD®HA in Sumatra is challenging.

The Sumatra region is affected by complex tectonic settings andigsistherefore, this
study emphasizes on the effort to construct appropriate seismogenic zon8sStdANN Chapter
2, we introduce 15 seismogenic zones to accommodate this complexity, &nzdoaachas been
treated individually according to its tectonic setting and seismititgctand this cannot be done
with the existing version of NDSHA. Therefore, we focus on the procedure entemtcEmthe
source smoothing by updating the NDSHA original version as discussed in Chapgng thé
physical simulation based on NDSHA, we construct the structural modelfeat&. We combine
the tomography data from the global and regional data to construct the stroncidedifor \b, Vs,
density, and attenuation as further discussed in Chapter 4. In order to tesicheatmodelwe
produce and update the parametric test of the modal summation program for skigatiee of the
sensitivity of SH according to different input parameters. The updated geacatest routineis
used to verify the Takengon earthquake with a magnitude of 6.1 that occurred on 2 Juds 2013



shown in Chapter 5. The application of the source definition produced by the enhancddngmoot

procedure completes the NDSHA calculationaatgional scale. In order to decrease the time

needed for the seismic hazard computation, we develop a new procedure to vepleffecient

source-receiver paths. The efficiency of the NDSHA calculatioa ragional scale is shown in

Chapter 6. In order to estimate the effect of the seismic performansenun existed buildings,

NDSHA can operatat alocal scale. In Chapter 7, the result of the site characterizatistraites

the city of Banda Aceh accordingits sedimentary layers.
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2. Seismogenic Zones of Sumatra

2.1 Tectonic Setting
Prior to the 2004 devastating earthquake, the Sumatra subduction zone receivedyrelat

little attention compared to other zones either those in Japan or thed \Btdtes. This strong
earthquake and the associated large seismic sea waves weresikerafor the communities living
around active seismogenic zones where the earthquake and tsunami hazardsesemnebeSince
the work done by Fitch (1972), Sumatras often cited as a classic example of slip partitioning,
which occurs when the relative motion between two obliquely converging platakeis up on

multiple, parallel faults.
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Figure 2.1 Plate tectonic setting of Sumatra. Vectors show relative velocitieseoppiat as
labeled (McCaffrey, 2009).

Sumatra is part of a long convergent belt that extends from the Himdtaparsouthward
through Myanmar and continues south past the Andaman and Nicobar Islands and Souotatra,
of Java and the Sunda Islands (Sumba, Timor), and then wraps around towards theenbrtjure
2.1. This trench accommodates the northward motion of the Australian plateEunésia.
Additionally, the trench is known with several local names but isszalled the Sunda subduction

zone, in general, and sometimes the Sumatran subduction zone, when referring ttet¢he s
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offshore Sumatra. West of Sumba, the dense lithosphere of the Indian Oa#laor saibducts
beneath the continental Sunda shelf, whereas to the east, the lighterert@ahtiAustralian
lithosphere thrusts beneath the oceanic lithosphere. The along-strike changavardge density
of lithosphere being subducted coincides with changes in the character of the tectonics.

Sumatra is situated on the Sunda continental margin and exposes granitasroltkas 240
Ma (Hamilton 1979). Generally, from northeast to southwest, the island's geololggrascterized
by oil-bearing sedimentary basins in the northeast, the Barisan mountains (FigurehicB), w
include the volcanic arc and Sumatran fault, running along the length of the iséar the
southwest coast, the offshore forearc basins, the forearc high (islands Simialue-Enggano
ridge), the deep trench, and the subducting oceanic plate. Sumatra was riftdeefranthern edge
of Australia (north of New Guinea) during the Triassic to early Jurassic (~200)5@Gumatra
would have been a stable continental margin from then until the subduction begzout in the
Cretaceous (possibly ~100 Ma).

2.2 Active faults in and around Sumatra

The rate and direction of the subduction of the lithosphere under the Sunda fureaner,
are further modified by the independent motion of the forearc. Fitch (1972) explaingeseace
of the Sumatran fault and other similar faults inboard subduction zones by teespnow known
as slip partitioning. That is, in some cases of oblique subduction whetevdhplates do not
converge at the right angle to the strike of the trench, it requires simadiell shear force to share
the shearing (trench-parallel) component of the relative motion betweenpemaigefaults (Figure
2.3a) instead of on one fault. In the case of partitioning, one fault is the sohdicust, which
takes up all of the trench-normal slip (the dip-slip component) and sont®rira¢ the trench-
parallel slip (the strike-slip component). A second fault, within the overridiig pind commonly
strike-slip in nature, takes up a portion of the trench-parallel motion. The s$wodtifoust and
strike-slip fault isolate a wedge of forearc called the sliver gkgure 2.2a right). The slip rates
on the separate faults can be inferred from their geometries and knowledbe overall
convergence (Figure 2.2b right).

The Sumatran fault, unlike other great transcurrent faults, is highly sespr(&Gatili, 1974,
Bellier et al., 1997Sieh & Natawidjaja, 2000). Most segments are less than 100 km long, and only
2 of the 19 segments identified by Sieh & Natawidjaja (2000) are longer thakn200 he
segments are separated by step-overs of a few kilometers or more. Thamegpart the short
segments and wide step-overs is that they limit the area that ipam sd single event, and
magnitudes tend to be limited to Mw ~7.5 or smaller throughout (see figure 2.2-left).
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Figure 2.2 (left) Physiographic map of the Sumatran region. The triangles indicate the loca
active volcanoes. The thick red lines are faults. (right) (a) Block diagram showing the geor
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Figure 2.3 (left) Map of the principal active traces of the SumatranZan# (SFZ). TheSFZ c:
be divided into 20 fault segments. Ends of segments are mostly majostépitbvers of 4 knr
width or more of separations, (Sieh & Natawidjaja, 2000). (right) Sunda subductiororz
Sumatra subduction zone (McCaffrey, 2009).
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2.3 Seismicity of Sumatra

An incidental feature of the Sunda subduction zone is the non-volcanic forkgecthat
pops up above sea level forming many islands between the trench and thedndihkislands
allow near-trench, land-based observations that are not possible at mostibtheation zones. The
forearc ridge is the top of a thick sequence of sediments and sectisea tbor, known as the
accreted wedge, which are folded, faulted, and plastered onto the upper plate, see Figure 2.4.
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Sumatra is among the most active regions on Earth in terms of earthquaiesio the
confluence of multiple plates moving at very high relative speeds. The ed&ehactavity around
Sumatra has multiple sources: thrust earthquakes on the subduction fault lipteleetsquakes on
the Sumatran fault, deeper earthquakes within the subducting lithosphere, and\edddumjuakes,
seeFigure 2.4.

The earthquake size is now defined by the moment magnitude Mw = 2/3 (Idg Mo
(Hanks & Kanamori 1978), where the seismic moment Mo is givehdb ' W. The rigidity p is
an elastic constant that varies from ~2 td'~70'° N m' 2 within the region of shallow earthquake
activity. The factor L is the length of the fault, which can reach hunadfddkbmeters for thrusts or
strike-slip earthquakes, and W is the dimension of the fault surface diréotion of dip into the
Earth. The amount of slip in the earthquake, d, in general scales with fabaof 10° (Wells &
Coppersmith 1994) so that magnitudes are largely determined by the slip area LW.

The largest of these earthquakes are associated with subduction thitasimaere the slip
on the boundary between the subducting and overriding plate can occur over a very witleearea
maximum depth to which slip occurs during crustal earthquakes may be temperature limited, and
thus, under normal conditions, crustal earthquakes are shallow. Hence, for a nearsigkieslip
fault like the Sumatran fault, will at most be ~20 km, and the eaitkquagnitude Mw is typically
less than ~8.0. In fact, Mw for earthquakes on the Sumatran fault appearséinutdz at ~7.6,
possibly also due to the high degree of segmentation (i.e., limiting L) asewtet. Earthquakes
on the Sumatran fault are shallow strike-slip events and reveal right ratgran (Figure 2.4); that
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is, the southwest side of the fault moves northwest relative to the astriside. In the past two

centuries, the Sumatran fault has produced more than a dozen notable and damaging earthquakes.
Because subduction thrust faults dip at relatively low angles (< 30¥henearth and

because the sliding of the cold upper portions of the oceanic lithosphere ae#geietirth cools

the fault to greater depths, the width in subduction thrust earthquakes canhteareds of

kilometers, thus allowing much larger earthquakes to take place. For tlus,reasst earthquakes

around the world that reach magnitudes in excess of 8.0 are at the subduction zones.
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Figure 2.5. Seismicity of Sumatra from USGS earthquake catalog (left) for all magnitude ra
(right) plot only above 6 with filled circle and dots for lower magnitudes.
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2.4 Earthquake Catalogs

The first step of any seismic hazard assessmedentification of seismic sources that can
affect the area of study, this step needs as can as possible egpngpigtand accurate earthquake
catalog. One of the important advantagesNG&fSHA is that it is not necessary to involve the
earthquake recurreasnor the Oreturn periodO, which are subject to large uncertainties, the former,
and physics rootless, the latter. The needed parameters are earthquaias doch magnitude
Maximum Historical EarthquakeMHE) or MCE. In this study we make use of the available
earthquake catalogs to establish homogeneous and completed one as show in table 2.1.

In this study, the USGS catalogs are used for the time span from 1907 tw 2&fHe the
location, configuration, and the potential seismic sources in and around tlar&uwegion. The
data freely available can be downleddrom http://earthquake.usgs.gov/earthquakes/seafths

catalog is the most complete catalogdis this study in terms of the number of data and time
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duration.A historical earthquake catalagalso accessible from the USGS website since 2014, and
it goes back to 1797. The USGS catalog shows the increasing earthquake depth corregponding

the increasing distance from the Sunda Trench.

Tabel 2.1: list of earthquake catalog for Sumatra limited to the interest region

depth (km) magnitude time Number of data
catalog min | max Min max begin end
USGS 0.3 1 6314| 3.7 9 1907-01-04 current 14132
USGS history 20 564 6.6 8.8 | 1797-11-24 1971-02-04 21
Engdahl 4.4 | 601.7, 5.5 9 1907-1- 4 | 2007-9-29 327
ISC 10 | 596.3| 5.22 9 2007-08-08 1914-06-25 727
BMKG 1 650 1.8 8.3 | 2008-11-27 2012-11-01 5195
Pesicek 0.424| 630.2| 3.6 7.1 1960-1-7 | 2009-12-25 5514
X 95 8 100 10e” 104 106 108
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Figure 2.6: Plot of the USGS catalogs with different depth color bar scale. This importdet tc
care the depth of earthquake

The USGS catalog, in this studycombined with the catalogs from Engdahl et al. (1998),
ISC (International Seismological Center), BMKG (Badan Meteorologi, KlimatologiCaarifisika)
and Pesicek et al., (2010). The Engdahl catalog is a global catalog tidHecand magnitudes of
instrumentally recorded earthquakes from 1900 to 2008 (Engtahl 1998). ISC providsseveral
earthquake parameters such as an event location, an origin time, dnehdobanisms. The ISC
event catalog has two categories the reviewed ISC Bulletin and ISC Bulle@nteviewed ISC
Bulletin is a subset of the ISC Bulletin that has been manually revieyéte ISC analysts. This
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includes all events that have been relocated by the ISC, (Engdahl 1966, ISC, 2013). The
Indonesia government under the BMKG, who has the responsibility for the operation @fl seve
seismometers and acceleromgteroduces an earthquake catalog for Indonesiasansed in this
study to cover the lower magnitude earthqsalhere the seismicity is low. Pesicek et al. (2010)
makes their relocated earthquake available froeir tstudy for the body wave tomography in
Sumatra. The relocated earthquakes are important to determine the depth nfiuraka source

for the strike-slip earthquake along the Sumatra fault. Figure 2.7 shows ttieelelaniform
distribution in the catalog biPesiceket al (2010) comparedo the other catalogs. The catalog
discussed hers based on the 3 centuries of observation. However, the earthquageadkgical
phenomenon, which needs a long record to adequately charatkerifault. This is particularly
important for the Sumatra faudts the near seismic zone along with any less recorded seismic
activity more than the subduction zone. In order to improve the poor earthquake tatdlog
Sumatra fault, the earthquake information geological investigations (Natgavedjd Triyoso 2007)

is used after applying some updaieghe estimated earthquake magnitude based on the detailed

evaluation of the geologic and historical records.
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In order to combine several earthquake catalogs compiled by different auttrodsfieient
details and completeness, we use an advanced selection procedure, nadedeegexe (in
original version handled by the beginning pareoélls.out ). The program combines several
catalogs by applying basic selection criteria to single catalogs, naeéylt.eqc . The

catalogs list can be put in the file default.cat, or put in the passing parameter, e.qg.:

eqgc4select.exe sumfull.cat

This selection proceduis very useful when dealing with huge data sets with different format, and
it alsois useful to remove any errors in the data if they are not in the proper rangselEaison
procedure reduces the number of the restrelvents significantly and will éuseful for the
subsequent calculation (smoothing process). Finaltyanalyss is needed to define the selection
criteria for this procedure based upon the experience, knowledge, and needs, e.g.

# file depth  magnitude year

#polygon catalog min  max min max min max

sumg.poc usgs2015.eqc 8 200 4 9 2010 2016

sumg.poc usgs2015.eqc 8 200 4 9

sumg.poc usgs2015.eqc 8 200
sumg.poc usgs2015.eqc

The polygon is the first selection criteria, and for this study we usedaime polygon
because we are using the global earthquake catalog. The BMKG is alnztaiag that covers the
whole Indonesian territory, and in the following studisitised by extracting the seismicity for the
Sumatra region (95E- 108E, 8S-8N). This selection will work for the original standarztf
(.eqc ) and comma-separated valuessy ). The csv format is easy to edit because it does not
depend on characters bist separated by commas aimslalso easy to edit using spreadsheet

program like libreoffce-cal or excel, which can even beddad QGIS directly for visualization.

Table 2.2: Configuration file to be passedetyc4select.exe for selecting earthquake for as
input for next step smoothing process.
polygon catalog dmin dmax Mmin Mmax ymin ymax col

sumg.poc history.eqc 10 200 4 9 1000 1990 O
sumg.poc usgs2015.eqc 15 200 4 9 1900 1961 O
sumg.poc pesicek.eqc 2 200 35 8 1960 2010 O

sumg.poc usgs2015.eqc 8 200 4 9 2010 2016 O
sumg.poc bmkg.eqc 10 100 3 9 2008 2013 O
sumg.poc engdahl.eqc 2 300 3 9 1907 2008 O
sumg.poc isc.eqc 10 300 5 9 1914 2008 O

sumg.poc danny7.csv 10 200 4 9 1000 2100 O

First optional selection criteria for minimum and maximum deghthirf anddmay could be
used to remove the deep earthquakes, which are not significant contributorsard. (second

optional criteria for minimum and maximum magnitude could be issd do not really trust the
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lower and upper limit of the magnitude given by the earthquake catalogs. Ssmtehing
procedure could be apptl individually for each seismotectonic zone. The third optional selection
criteria is the range of time of observation in the unit of ye#s,dption could be used with the
highly trusted period of a specific catalog. For instance, during the period 1960-20AGfareto

use the relocated earthquake catalog Pesicek et al. (2010) to that ofd8; WiBaning that the
USGScatalog is used from 1960-1961 and from 2010-2016, as shown in Table 2.2. The initial
combination of all catalogs contains 25910 records, and afteErmiag the selection produce the
number of records reduces significantly to 13317 records. Figure 2.8 shows theiseisefore

and after applying theelecton procedure.
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Figure 2.8 (left) Combination of all catalogs. (right) Plot after performing tleetseg procedur:
of the events from different catalogs.

2.5. Seismogenic Zones

In an anthropizedrea, it is now technically possible to identify zones in which the ésavi
damage can be predicted. A first-order zoning can be carried out at the regadaabased on the
knowledge of the average properties of seismic sources and on the structurds. mode
Microzonations are possible as well, provided that detailed information #itosburce, path, and
local site conditions are available. A drastic change is required gotdeof zoning that must be a
pre-disaster activity performed to mitigate the effects of the nextigeeke, using all available
technologies. Seismic zoning can use the scientific data banks, iategraan expert system, by

means of which it is possible not only to identify the safest and suitstble areas for urban
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development, but also to define the seismic input that is going to affect a given building.

Starting from the available information on the EarthOs structure, semmaes, and the
level of seismicity of the investigated area, it is possible timate the peak ground acceleration,
velocity, and displacemenPGA, PGV, andPGD, respectively) or any other parameter relevant to
seismic engineering, which can be extracted from the computed theorngimed$.sThis procedure
allows us to obtain a realistic estimate of the seismic hazdhibse areas for which scarce (or no)
historical or instrumental information is available and to perform theaetgarametric analyses
(Panza et al., 2001).
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Figure 2.9. (left) Faults related to seismogenic zones. (right) Selected focal meatweniQ S
by magnitude and strike direction pattern.

Sumatrais surrouned by several kinds of faults, from subduction, strike slip, spreading,
inter-plate from Ninety East Ridge and Investigator Ridge as show in Figuren21@ dre several
simple seimogenic zones already introduced after (Petets#n2004) for use with PSHA. But the
available seisnogenic zones (e.g. Petersenh al. 2004) are too simple to fulfill th&dDSHA
requirement, complexity of earthquake rupture process and recent tecfiecdag Sumatra. So
there is a need for updating the seismogenic model to accommodate the new data and studies.

Based on Figures 2.9 and 2.8 and on the spatial distribution of focal mechariems f
International Seismological Centre (ISC 2013) Bulletin, we define 15 seismagers (see Table
2.3).

1. TheAceh zone is characterized lrelatively high seismic activity witla relatively shallower
depth and the maximum recorded magnitigl@bout 6.7. There are several earthquakes, which
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have occurred in this zone e.g. 21 January 2013 M6.1 that causes some damage infic2gse, a
July 2013 M 6.1 that caused 39 fatalities, 420 egun Takengon. The last earthquake namely the
Takengon earthquake will be discussed extensively in the next chapter faarifieation of the
computed data. The dominant focal mechanism in this zone is the dipikeeshanism. The
Sumatra fault starts to divide at its northern tip into two branchestewn branch (the Banda Aceh
zone) and eastern branch (the Lokop zone). The Western branch starts to braagainour the
north of Zone 1 into the Aceh fault and the Selimum fault. The Westernhbramatensively
monitored by AGNESS network (&t al. 2008, 2012, Gunawan et al 2014) and AGOGO network
(Irwandi, 2010). Recently, geological investigations are carried oastesshe activity of the
Aceh fault, and the result showed it is nmactive and completely vanishing in the Andaman Sea.
On the other hand, the Selimum fault becomes an active fault and esrttwmard Weh Island.
Accordinglyto the nomenclature by Natawijaya et.al 2007 (see Figure 2.3), there are 4 segment
this seismogenic zonécehfault, Seulimeum fault, Tripa fault, and Batee fault.

2. The Semangko zone which is aligned along the Great Sumatrasfaelnd#iracterized bg narrow

zone of seismic activity, anidl is strongly segmented with specific MCE for each segment as
explained by Natawijayat al. (2007). There are debates among geologists about whether the
middle part of the Sumatra fault is splitting into two faults (i.e. Angkold Barumun segments) or

is due to the presence of the pull-apart basin: the most accepted hypisttiesipresence of the
pull-apart basin. This seismogenic zone is the main contributor to haw&dmatra due to the
earthquake shallow focal depth and to its proximity to the populated areasralSrecent
destructive earthquakes occurred vathigh frequency ground motion caused a relevant damage to
the low buildings, like that of on 6 March 2007 with M@&tlepth 19 km that caused €&alities

and more than 460 injured.

3. TheKrakatau zonethe headof the Sumatrafault, alsocontains thesouthernpart of the Sumatra
fault. In this zonetheislands of Krakatoaarelocatedin the Sunda Stralietween Java and Sumatra.
The fault planesolution for earthquakes insidkis zoneis relatively notuniform; there arealso
strike slip, oblique subductionmechanisms andolcanic origin earthquakesn this zone A
destructive earthquakmccurred orthe 15 February 1994 with M6.8t23km focal depth and cauke
196 fatalities2.000 injurel. Almost all buildings in Liwa town collapsed.

4. The Jawa Seaoneor theJava Subduction zone ike Java Sea part dhe Sunda Subduction
zone where thelominantfocal meclanismis relatively a pure thrust (strike2704 dip=294 and
rake=89) becausethe Australian plateis moving perpendicular to theSunda plate. This
seismogenic zoneepresentsow hazardto Sumatra, but it will be significant f@everalimportant

cities in Indonesialike Bandungor Jakarta On 2 September 20Q% large earthquakéd ~7.0
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causd 46 fatalitieson Javawithout any significant effects on Sumatrdn spit of the low expected
hazard from the Ja zone conservativelythis studyconsideredhe zoneasa potental source of
hazardandprovidal a wide view abouthe otherpossible sources

5. The Lokop zone the Sumatrafault is at thefirst-order divided into the Lokop fault on the
northern partandit is not considezdin theexised PSHAmMap(SNI 17262012).0On 20 November
1994 the earthquake with magnitude Gtcuredoutwasnot well documented. This branching will

becomeclearerif we look at a large scale wheréhe Andamanzoneis divergingand formingthe
Mergui Basin (Curray 2005).
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Figure 2.10. (left) the Mergui basin shows the existing active faultssmegenic zone of Lokc
(Curray & Munasinghe 1991; Curray 2005; Chakraborty 2008, wisialot discussed in tt
current standard PSHA (right) Maximum magnitude and slip rate of influentsdicesource
(clipped from: Irsyam et al., 2010 and Irsyam et al., 2013)

6. The NSR (North Sumatra Ridge) zone is nahadter Curay (2005). This zones too far from
Sumatraas it isfrom the Java Seaone and it ha no historical impact®n the studied region
However,we consideredhis zoneto be conservativeThe receniarge earthquake M7.2 in this

zonewason 26 Decembef004 asanaftershock othe 2004 Sumatragndamanearthquake.

7. The Meulabohzone which is thenorthern part othe Sunda subduction zongis classifiedasan
intermediate depth earthquake (range-9@km)zone everthoughthis definition does notfollow
the standard classification of earthquakes basetefocal depth A big earthquake happedon 0
May 2010 with magnitude 7.4t depth61.4 kmwith no relevantdamage i( a long peiod) and
generatd 50cm tsunamthat causedomepanic amongpeopleliving along the coastlinbecause
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theyexperienedthe 2004tsunamiearlier.

8. The Padang zone ithe southern intermediatgepthsubduction zonéwith the earthquakelepth

range ~3B0km). A big earthquake known as the Bengkulu earthquakehappeed on 12

SeptembeR007 with magnitud&.6 anddepth 35km causl 21 fatalities. Anotherlargeearthquake
happerd on 30 SeptembeP009 (the Padang earthquak&ith M 7.6 at depth 80 km and cause
1117 fatalities, 1214 serious ingd and 1688 minor injued In referenceto the USGS (2009)
poster, on the basis of the currently available fault mechamfrmation and the earthquake
depth of 80 km, it is likely that this earthquake occurred within the subductisgalian Plate
rather than on the plate interface itself. The recent earthquake wper dbanthe typical

subduction thrust earthquakesttganerally occur at depths less than 50 km.

9. TheNias zonewhichis thenorthern shallovdepthsubduction zoneggeneatesmega earthquakes
and tsunamsuch aghe Sumatra Andaman earthquase 26 December @4 M 9.1andthe Nias
earthquakeon 28 March 2005magnitude 8.t depth 30km. This subduction zonis classifed as
theswallow depth earthquakeongrange ~1680 km) with strike325/dip 7v.andrake 1D0%a.

10. The Mentawai zong which is the southern shallondepth subduction zonegeneratd the
earthquakeon 12 September 200®ith magnitude 8.5t depth34 km. Anotherlarge earthquake
occurred o June 200@vith magnituder.9 at depth 33km, strike 328.dip 9%andrake 114near
Pagai Island

11. TheInterplate zone or Inteplate strike slip ridge is far from Sumatra ahd adjacent island.
The zoneproducel anunexpected earthquaka 11 April 2012 with magnitude 8.6 and depth 20
km as aresult of strikeslip fault within the oceanic lithosphere of the In8lostralia plate anavas
reactivated from the Ninety East Ridge as faeast97;E. This earthquakis also known ashe
Indian Ocean earthquake with strike9/dip 80/4andrake 3%

12. The Sunda Trenclzone,with relatively smallmagnitude earthquakeis well known asa low
hazard zone to Sumatra aomparson tothe subduction zonéNe introducel this seismic zone
because itis located beforethe contact betweerthe oceanic crust(Australia plat¢ and the
continental crust3undaplate) andit has amechanisnwith strike 32144 dip 64%and rakeryzwhich
is differentfrom the characteristic ofhe subduction zone

13. The Medan zonetakes its name fronthe biggest city in Sumatra dke northern deep
subduction zone. Most dhfhe earthquaks herearedeep (15215km) earthqualeandthe zones
considered aminor contribubr of hazard. The biggest earthquaike this zoneoccurredon 1
DecembeR006 withmagnitude 6.&tdepth 204m.

14. The Palembang zongetsits namefrom the locationof the second largest city in Sumataad
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the zonds located in tle polygonof the outhern deep subduction zone. Mostheearthquaksare
at the 100-150km depth and contributing low hazardto Sumatra.The largestearthquakehere
occurredon 15 May 2015 with magnitude 6.0 witthepth 15Gm.

15. The Jakarta zongetsits namefrom the capitalcity of Indonesia. Most athe earthquakehere
are at ~300 km depth The largest earthquakeccurredin this zonewas on 8 August2007 with
magnitude 7.%&tdepth 28km.

Generallyspeaking we can classify the seismogenic zones baseth@ncontribution to
hazardin Sumatranto threetypes high, moderate and lawhe @nescontributingto high hazard
are Aceh, Semangko, Krakatau, Meulaboh, Padang, Nias, Mentdwarzones contributing
moderatehazardare Lokop, Inteiplate, Medan, Palembantpe zones contributingow hazardare
Java Sea, NSR, Sundaench, Jakarta.

The definition and characterization tife seismogenic zones are complicated avad an
easy processto study themand furthermoreneedto incorporate all available informaticior
accurate and precise demarcati®he details offocal mechanismsusedfor the definition ofthe
seismogenizonesin this chaptefare presentedn Table 2.3 and thecorresponding beach bad
shown in Figure 2.11. Accordingly, we need a comprehensive study to defineoptimized
seismogenic zationby integrating all informatiofrom different disciplines
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Figure 2.11. Selected focal mechanisms for each seismogenic zone.
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Table2.3. Focal mechanisms definition for the seismogenic zones for each seismogenic zones

Poly. | Strike| Dip | Rake | Depth| Related even] M Description name
index | (%) | (Ya)| (%) | (km) date max
1 313 | 72 | 168 12 201301-21 | 6.1 |Spreading strike slip fault from Aceh to AndamgAceh zone
Tail Sumatra Sumatra Fault
2 324 | 87 | 179 9 20091001 | 6.5 |Long Great Sumatra Fault Semangko zone
3 315 | 71 | 176 | 16.2 | 199402-15 | 6.8 |Head Sumatra Sumatra Fault Krakatau zone
4 270 | 29 | 89 38 20001025 | 6.7 |Java Subduction Jawa Sea Zone
5 1 68 | 150 15 20030913 | 5.2 |Branching Sumatra Fault to Lokop Lokop Zone
6 351 | 27 | 121 | 13.6 | 200412-26 | 7.2 |North Sumatra Ridge zone NSR zone
7 284 | 21 | 63 45 20100509 | 7.2 |Northern intermediate subduction zone Meulaboh Zone
8 236 | 23| 34 36 2001:02-13 7 |Southern intermediate subduction zone Padang zone
9 325 | 7 100 30 200503-28 | 8.2 |Northern shallow subduction zone Nias zone
10 328 | 9 114 | 24.4 | 20070912 | 8.5 |Southern shallow subduction zone Mentawai zone
11 199 | 80 3 25 201204-11 | 8.6 |Inter-plate strike slip ridge Inter-plate zone
12 321 | 64 | 313 7 198211-11 = 6.2 |Sunda Trench Sunda Trench zone
13 191 | 80 | 46 211 | 19991111 | 6.1 |Northern deep subduction zone Medan zone
14 291 | 7 71 | 217.1| 200206-16 | 5.7 |Southern deepubduction zone Palembang zone
15 330 | 30 | 155 | 304.8| 20070808 | 7.5 |Deep java subduction zone Jakarta zone
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3. Enhanced Source Definition

3.1 Original Version of Source Definition Algorithm

NDSHA can provide strong ground motion synthetic seismograms basadeatistic physical
simulation by elaborating the available seismogenic zones and structgtalsntaken from the
geolodcal and geophysical data. Surely we have to play with the varied computaimadbt the
calculation. For instance, after the compilation and selection of theisecatalogs in previous
chapter, we consider 13317 events. In the seismicity plot, there are severalvatlantthe same
cell area (grid). Thus, we need to decide the source definition &é@ihgle source event) of which
event is representative for the given gea&ll. The first part in definition of seismic sources is the
handling of the seismicity data as shown in Figure 3.1. Basically, whaeided is an evenly
spaced distribution of the maximum magnitude over the territory, but the dalabbe/&iom the
earthquake catalogs are widely scattered. Furthermore, the earthquake eatalmgh incomplete
and contaminated with errors, so a smoothed distribution is preferable (Panza et al., 1990).

~ ~
REGlomq FOCAL \ SEISMOGENIC) EARTHQUAKE
POLYGONS | MECHANISMS | ZONES CATALOGUE
iy vy > A
TR -
STRUCTURA SEISMIC SOURCES \
MODELS | J
— N I - v

L

SITES ASSOCEED
WITH EACH SOURC

[—/

TIME SERIES
PARAMETERS J

- I

PSV SH
SYNTHETIC SYNTHETIC J

SEISMOGRAM SEISMOGRA){!/

[
AL \[ HORIZONAL |
ENT] COMPONENTS
J

]

EXTRACTION OF
SIGNIFICANT
GROUND MOTION

PARAMETERS

Y,

y
Figure 3.1. Red box is source definition procedure from full flow-chart of the deterministic

procedure for seismic hazard assessment at regional scale (Panza et al., 1990).
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The smoothing procedure is shown in Figure 3.2. The punctual distribution of the exgicent
given in Figure 3.2a is discretized into cells (Figure 3.2b), and the maximumtutgoi the
events pertinent to each cell is retained. In the case where thguadke catalog contains different
estimates of magnitudes (e.g.,,MAs, or M from the macroseismic epicentral intensity, the
maximum among them is considered. It is then convenient to represent theaghiaally, and the
symbols are associated with the magnitude ranges (Figure 3.2c). In mosttlvasasoothing
obtained by considering just the discretized cells is not enough. A centesethsg window is
then considered so that the earthquake magnitudes are analyzed not only mr#heelé but also
in the neighboring ones. The idea of a constant magnitude within each seisimarganichoosing
the maximum available value) has been shown to be a poor choice, sinceldogenhseismogenic
areas, it leads to an overestimation of the seismicity. Three possiblehing windows are shown
in Figure 3.2d.
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Figure 3.2. Discretization and smoothing of seismicity. (a) Distribution of epicenters; (i}iole
of cells and choice of the maximum magnitude; (c) graphic representation; (d) smoothing w
of radius n=1, n=2, n=3; (e) smoothed distribution of magnitude.(Panza et al., 1990) and (f
updated smoothing version result.
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Their radius is expressed in terms of the number of cells n. In the exanepl@lues n=1, n=2 and
n=3 are considered. By applying those windows to the distribution in Figure 3.2c, the oésult
Figure 3.2e are obtained. At first glance, it appears dhthe distribution of the maximum
magnitude given by the window with n=3 is quite exaggerated with respect statting data of
Figure 3.2c. Its intersection with a hypothetic seismogenic area (shown in Bigajajives quite a
reasonable distribution (Figure 3.2b), which allows us to account for errors in thierozfthe
source and for its extension in space. The smoothing corresponding to radius n=3 (smoashing 1)
chosen to produce the deterministic maps of hazard.

The proposed smoothing procedure is applied to the compiled earthquake catalog and the
seismogenic zone (see Chapter 2: Figure 2.7-right and Figure 2.9), where the wholy territ
discretized with a grid size (02 0.2 The map shown in Figure 3.3 is the result of the application
of the original version of the source definition procedure. The result also sbomedimitations of
the original procedure, which is not adequate for the Sumatra seismogenicrzbtiee aroposed

improvement will be discusslin this chapter.
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Figure 3.3. Source definition generated by the original version.
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3.2 Enhanced Magnitude Smoothing Algorithm

Due to the complety and variety of the seismogenic zones in Sumatra, there is a need for an
advanced smoothing procedure, which has been developed from the original version. Inrtak origi
version, it is only possible to set the characteristic of smoothing globadiytire zonesO in
makehaz.par,  the main configuration file.

Parameters for program makehaz (v0004)

5.0 Min magnitude associated with the run
0 99 Min and maximum magnitude taken from catalogues
1000 2009 First and last year in catalogue (years)
2 Cell size (degrees)
3 Smoothing radius (cells)
0 Min. events for smooth (count)
0 50 Min and max depth (km)
0 Source depth (sdepth)  (0=sut,999=auto,x=km)

Listing 3.1. The part of lines ohakehaz.par for settings the smoothing procedure for entire
territory

The parameters should be put strigtiyorder;this mears it is not acceptable to insert additional
comment lines, unless after adding numbers of spaces of value in soras $§hew in listing 3.1.
In order to make the setting of the seismogenic zone more flexible, nmeockonger use a rigid
format for the machine-oriented interface (machine friendly). Then, we hatsttasingaflexible
format for the human-oriented interface (user friendly) insteadfigied and rigid format read only
by a computer program. The new format should have high flexibility to adding new lines or
command lines, but should not follastrict order; also it is possible to insert updated parameter
and to update the version of software without introducting any new standard fomaahdw
version.

In order to maka user friendly configuration file formatye also shouldell the computer how
to distinguish and understand each line in the file. Therefore, we use dulesiques of
recognition: in order, tag notation, and extension of the file. This technique coulhdegeated
without affecting the core computer program. We aig@miliar symbol for making commands (in
this case, we use symbol # or ! aamiliar symbolin Bash and Fortran).

For the handling of the earthquake catalogs, the original version uses the ctafigiie
cellspar , and the updated version also usas single configuration file namely
eqc4select.par as discussed in the previous chapter. On the other hand, for the handling of

the smoothing procedure, the original version needs only one configurakehaz.par but the
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updated version needs two configuration filegc4smooth.par andnamejob.pas as show

in Listing 3.2.

File eqc4smooth.par

#collection of file and parameter needed for smoothing
test

dummy.pos

dummy.fps

dummy.pas

dummy.eqc

dummy.dph

frame 95 99 -5 -1

File dummy.pas

#tag zone radius divsel slope group minRunCare maxCap sstrike sdip sdepth dcare

Ssuz 0 3 61 0 0 0 5 9 0 020 50
SMO 1 4

SMO 2 2

CES 3 0.2

CES 4 4 0.2

File : dummy.eqc.csv
year,mm,dd, second , lat , long , mag, depth, note

2000,01,01, 0.00, -2.00, 96.0,7.0, 5.0,001
2000,01,01, 0.00, -2.00, 98.0,7.0, 5.0,001
2000,01,01, 0.00, -4.00, 96.0,7.0, 5.0,001
2000,01,01, 0.00, -4.00, 98.0,7.0, 5.0,001

Listing 3.2. The configuration file for updated version smoothing procedure file
eqgc4smooth.par |, individual control for each seismogenic zonesdilenmy.pas, and the
earthquake catalog filgdummy.eqgc.csv to produce dummy test map figure 3.3.

In: *.eqc *.poc makehaz.par in: *.eqc *.poc default.cat
ecell.out eqc4select.exe selected.eqc
ecell.out *.cel
in:makehaz.par
esmooth.out *.gri in: *.pos *.fps *.pas
in: *.pos in: eqc4smooth.par
einscat.out *.mag egc4smooth.exe *sut  (final)
in: *.pos *.fps
eselmec.out *.mec
emecmed.out *sut  (final)

Listing 3.3: List of programs to produce source file *.sut: (left) the original version with 5 prc
(right) the updated version with two programs.
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There are several steps to get the final source definition as shdvigune 3.2. The original
version uses 5 separated programs for each step as shown in Listing 3.3 (lefig bptated
version reduces these steps iatmmpact single program namedgc4smooth.exe,  seeFigure
3.4.

!/ Focal "/ Seismonenic ‘Earlhgquitke
/ mechamsms / 70005 | calalegs
| Sewactand combing ' Congal |
eqcdsalact.exe .’ aachcat, /
Enbance simouthny Control
egedsmoothexe e . .
Sourte definition (> =) | eath 20nes Figure 3.4. Updated version of

enhancement source definition procedul
G ey and the location of two programs
\ Sowrce oahnibon
. 5ut) eqgc4select.exe and
’ egc4smooth.exe.

There are two ways for executing this program: without or with the passingegtaraWithout the
passing parameter will read the default configuratiorefije4dsmooth.par , and with the passing
parameter, there is the possibility to read the other file names, e.g.:

egcdsmooth.exe

egc4smooth.exe dummy_par.par
The final output othe program is the generation of the source definitiontdie. sut. This
file becomes the input in the next stage of RHMESHA [sites associated with each source] as shown
in Figure 3.1. However, the updated version remains to produce the intermedmteddl,

*.ung, *.unm, *.zs.uni ) to keep it compatible with the original version.
a 6 E
o ,A._?,,— { n
i
‘2
e )y
P ¥ N.'
5 & 5 6.7
I vael [INeneas 55
: saiaala | eniiiiil. *" Figure 3.5. Source definitiotest.sut )
reves sereree ** described in the configuration file (listing 3.2)
: zone 1 with settingadius=4 divsek0.1v,
zone 2 with settingadius=2,divsek0.1v4
) 4 zone 3 with settingadius=3,divsek0.2/,
i " T e zone 4 with settingadius=4 divsekF0.2/
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In Listing 3.2, the configuration fileqc4smooth.par  declares the project nanest and
read the parameter of smoothifigpas ) from thefile dummy.pas. The first line is used as a
comment line; this is a good way to always keep the first line éonament line which can be used
to recognize the file (type or version) aisdalso important for QGIS ascolumn definition. After
the comment line, the program gives the possibility for setting the dptaalneters by putting the
SUZ tgg with polygon number 0. Without this line, the default parameters value wilidveded by
the software.

#tag zone radius divsel slope group minRun minCare max@apike sdip sdepth dcare
Ssuz 0 3 01 0 0 0 5 9 0 020 50

The third line SMO 1 4) and the fourth linegMO 2 2) with tag SMO will set the radius
smoothing 4, and 2 cells for zone 1 and 2 sequentially. In addition, the sihe eburcecell
divsek0.1vis taken from the default value 3, whishdefined in the second line as shown above.
Moreover, the fifth lineCES 3 0.2 ) with the CES tagvill setthecell size0.2/but the smoothing
radius value is the default one. The last li@ES 4 4 0.2 ) gives the possibility to set the
parameters, i.e. the smoothing radius, 4 cells, and the size of cell Ga2%ingte line. This
flexibility of adopting the individual smoothing parameters for each zone could inel
appropriately addressing the uncertainty for each zone based upon the amount bfeavaila
knowledge about the earthquake parameters and the other zone definition-basddrshaitae
Figure 3.5 shows that by adopting those different parameters will leaddtierent source
definition (each polygon contains single event). The detailed description pfadpesed format for
reading the smoothing parameters is showed in Table 3.1. Each line begitegbhyame column
(e.g SUZ, CES, SMO, MIG, ELP, SDP ) and the second column is the given number of
each zone (polygon). The separator of the field in the configuration file is usadgethe space bar
character onlasusingatab character is not allowed.

The smoothing parameters can be categorized into: magnitude smoothing, magnitude
limitation, ellipticity, and depth enhancement, see Table 3.1. The frsingger for the magnitude
smoothing is the radius. The choice of the smoothing radius and its unitsubedh¢cell or degree)
is based upon the evaluation of the analyst. Usaisigmoothing radius unit in degree could be more
compatible witha real map and could maintain the real size of the smoothing area everih@hen
cell size is changing. The program will recognize the distance in detiieenegative value means
that the unit is in degrees (e.g. -0.6 mearPFdr example, the zones 1, 2, 3, 4 have radius = 3, 3,
-0.6, -0.6 sequentially. Therefore, Zone 1 and 2 lexagius 3 cell, whereas Zone 3 and 4 have
radius 0.64 geographically. When applymdifferent cell sizediveel = 0.1, 0.2, 0.1, 0.2 for zones no
1, 2, 3, 4 respectively, the zones with radius defined in degrees unit (3 and Keepilthe same
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geographical radius even fardifferent cell size, as shown in Figure 3.7 (left). The advantages of
using the proposed smoothing parameters for each zone will reduce the sourcemdsoltite far
source zones and increase the source resolution for the near source zowestoethg site of
interest. This feature should solve the problem in Figure 3.3 area box |, wharetigate zone is

a far source zone.

Table 3.1. Tags rule for controlling parameters of smoothing process for each seismogenic zone.

tag zone Magnitude Smoothing Magnitude Limitation  Ellipticity Depth
SUZ N Radius Divsel slope group minRun minCare maxCap sstrike  sdip sdepth dcare
CES N Radius Divsel

CES N Divsel

SMC N Radius Divsel slope group

SMD N Radius slope group

SMD N Radius slope

SMC N Radius

MIG N minRun minCare maxCap

MIG N minRun minCare

MIG N minRun

ELP N sstrike  sdip

SDP N sdepth dcare
SDP N sdepth

One of the steps in the original smoothing version, from Figure 3.2c to 3.2e, deesisider
the polygon zones. The seismogenic zones only take into account the focanhisraciad are used
to remove the source definition outside the seismogenic zones. In the updated, tlds step
considers the polygon zones information. There are several features that eahapeed by
considering the polygon zones duringststep. One of the enhanced features in the updated version
is the zone grouping, where the smoothed cells cannot penet@tedifferent group number, see
Figure 3.7 (right) between zone 1 and 2. The special group (number 0) will be afifestead! the
groups as shown in Figure 3.8. The grouping feature will craatartitioning effect for each
different group and transparent effect for the same group. This effecp@tant to solve the
problem shown in the box (P) (Figure 3.3) in which the events from the zones imikbeskp
Sumatra fault system do not reach the subduction zones as shown in Figure 3.6c and 3.6d.

The smoothing algorithm from the original version provides the same magnituddoraine
whole smoothing radius as showed in Figure 3.3 box P. Applying this algorithm tor&umikt
produce the overestimation of the ground motion parameters because the magnmaiehéhg
earthquake is very close to the land as shown in Figure 3.9 (left). Thereforeistlaereeed to
enhance the smoothing algorithm by decreasing the magnitude with the disgjaadepting a

slope parameter value based upon the assigned magnitude as show in Figure 3.9 (right).
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-1 ! S e
a. original version b. updated version  c. original version d. updated version

Figure 3.6. The comparison between original version (problem taken from Figure 3.3) and
version. a. and b. for resolution issue. c. and d. for partitioning issue.
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Figure 3.7 (left) The smoothing radius in degree will preserve the geographical size of smo
area where as radius in cells cannot keep it. {radius =3, 3, -0.6dn&6t0.1, 0.2, 0.1, 0.2}
(right) the zones can be grouping where the smoothing effect will be transfer if the same gr
{group =0, 1, 0, 0}

Figure 3.8 Dummy zone for detad
explanation the grouping effect
(portioning and transparent). The zon
1, 2, 3, 4 has group number =1, 1, 4,
sequentially.

Same group number (polygon 1 and -
with number 1) will affected each othe
(transparent).

Different group number (polygon 1 an
3 with number 1 and 4) will not affecte
each other (partitioning).

Special group (number 0) will affectec
from all groups number as shown in
polygon 4.
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Figure 3.9. Magnitude of source definition from original version (right) and (left) updated v

The magnitude smoothing algorithm requires the introduction of the slope pararhetsiofie
value will determine how raplgl the magnitude decreases with respect to the distance from the
epicenter of the event. If the slope parametd, it will be similar to the original version. Figure
3.10 shows the smoothing algorithm that uaesimple linear approximation to determine the
smoothing magnitude:

Do e DD D OIHS%E'(! "HE% (3.2)
This enhanced magnitude smoothing process is implemented successfullypaldited version as
shown in Figure 3.11 fadummy test.
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Figure 3.10. Different slope parameters, red line slope=0, green=0.3, blue=0.6. Slopeshyi
parameter is mean original version. (Vertical axis magnitude and horizorgatliatance fror
center event). Minimum run magnitudenRurx4.5.

34



¥ 5
5 .
240 0» L B B BN
LB IR N ® 60 an
<8 owesie || TReiwen
LR R B J LI B B AR J o
. o '
sn Figure 3.11. Effect of different slope valt
4 b 55 (slope=0, 0.5, 1, 1.5) for zones 1, 2, 3, 4\
i i o ™ fixes radius of 3 cells. The zone 1 has slop
3 "eewr eee ** the magnitude for all smoothing point sa
o e magnitude 7.5 similar with original version.
zone 2, 3, 4 the magnitude 7.5 only in the ce
other point will decrease according distance
o an slope parameter.

In reality the smoothing proceissnot dealing with several earthquakes like the dummy test. In
the case of Sumatra, we deal wétlbig number of the selected earthquakes (13317 in this study).
Therefore, we need to control the limitation of the data ireair the smoothing process and to set
the lower and upper limit for each zone. For information, the proggedselect.exe also
performs the limitation procedure (minimum and maximum magnitude criteriapdébr Gatalog as
mentiored in Chapter 2. Three parametensinRun, minCare, maxCagre introduced, which are
the minimum magnitude to be adopted for each cell, the minimum magnitlitee @wdopted from
the catalog, and the maximum magnitude will be defined for ealthrespectively (see Figure
3.12).

The parametemaxCapis the maximum magnitude and will be defined éachzone. If the
magnitude of the events inside the seismic zasedove the maxCap, it will be terminated to
maxCap. There are two main reasons to introduce this parameter. Theadost iethat we are less
confident about the MCE value from the geological study in a specific zomer. IPhitations come
from the point source consideration for the big magnitude sources for which thdeskiource
representation should be considered. Indégeof Sumatra, the MCE for the Semangko zane
obtained by Natawijaya (2009) with magnitude about 7.8 based on the surface geology and
historical studies, buif it was based on the instrumental recoitl,is more accurate to put
maxCap7.5. On the other hand, the Sunda subduction zone can generate the mega earthquak
(Sumatra-Andaman 2004) with M~8.9-9.3. Because of the limitation of the point source
approximation for the big magnitude events, we terminate the maximum earthgagkeude to
9.0even if it was more in the catalog by settimgxCa9.
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smoothing algorithm for each seismogenic zones
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‘ Considerable Earthguake minRur=  minimum magnitude will run (set) fi
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Assume Not Potenual the catalogs

ParameteminRunis the minimum magnitude that will be adopted for the cells. THigevs
based on our knowledge about the minimum magnitude for the specific seismagenicased on
the statistical analysis of seismicity, seismotectonic, and geodynainthe zone. Adopting
minRur=0 will be useful for the rare earthquake, and those that lookaligmall cluster, for
example, the deep Sumatra subduction zone (polygon no 13 and 14). Adojotitg*0 is useful
for the seismogenic zones that have the strike-dip mechanism whereréhameaditional details
about the exact location of the faults or their makeup, but we just deciderease the area of the
seismogenic zones, such as the Aceh zone and the inter-plate zone.dfeashiat we trust have
acertain minimum magnitude, we can set the value, for example, for thar8umdt (Semangko
and Krakatau zone) we setinRurs5.5. The Sunda subduction zone l@agreater minimum
magnitude value; thusye setminRure6 for the intermediate depth zones (Meulaboh and Padang)
andminRur¥6.8 for the shallow depth subduction zones (Nias and Mentawai).

As mentiored at the beginning paragraph of this chapter, the purpose of the smoothing process
is to deal with the uncertainties associated with the parametehng iearthquake catalogs. Using
smoothing regardless the azimuthal distribution (circular smoothing) is a good dptigare is no
information about the preferred orientations. However in some cases, we knBunthé&a strike-
slip fault generates an earthquake alangarrow zone. Therefore, we enhanced the geometrical
smoothing algorithm by introducing the ellipsoid factor parametstiske and sdip, see Figure
3.13. The choice of the namsstrike(smooth strike) anddip (smooth dip) is due to the fact that the
valueis mostly similar to those of the geological strike and dip and use thee s@mentiorasAki
and Richards (1980). The major axis is following the strike line, and the miisoisgparallel to

the dip direction, see Figure 3.13.
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Figure 3.13. Enhama geometrical smoothin
procedure. The picture shows the example

parameter radius=8cells; slopes=1; sdips=60;
sstrikes328. The length of the mayor axssequal
to the radius and the minor axis is given by
formula

e e e

oo

Kayor axis wpy (o "#$%& ()
o "# (1"#$! ) | THS%&"

The implementation of the ellipsoid smoothing feature is not triviaér afome effort we
successfully developed this algorithm, and Figure 3.14 shows the dummy test fal ganations
of sstrike and sdip. Figure 3.14 (left) shows that different sdip with a constantsstrike=0 will
producean ellipsoid easily, but when thsstrikeis not zero fora different sdip, an advanced
algorithm is needed. Nevertheless, the updated veisisuccessfully doing this job as shown in
Figure 3.14 (right).
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Figure 3.14. Ellipsoid smoothing effect at radius=3 for (ledtyike=0 with varioussdip= 0, 30,
60, 70. (right) Asdip=60 with varioussstrike=0, 45, 90,315.

For the subduction zones where the dip value is smaller than 60j, the élBpsoothing is not
really necessary because the smoothing geometry remains close to ttee gecuhetry. But for
the strike slip with the dip greater than 60j, the ellipsoid smoothing shouwdnstdered because
the smoothing geometry is changing significargggeFigure 3.14. Therefore, the application of this
procedure is important for the Aceh zone and the inter-plate zone, whergkibeslgs fault could
generate earthquakes in a narrow zone area. The updated smoothing version can ttesrjobut

successfully, and the comparison with the original version is shown in Figure 3.15.
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Figure 3.15. o1, 02) Original version cree
circular smoothing effect. ul, u2) Upda
version produce create geometrical featur

02)

3.3. Enhanced Source Depth Definition

Beside the earthquake magnitude, the focal depth can greatly affedtithatedearthquake
ground motion and peak ground motion parameters. In the original smoothing algorithm, the depth
of the earthquake source is computed as a function of magnitude (10 km for M<7 fA5NhY)
(see Equation 3.1), but it is also possible to assign to each source an depthgietermined from
the analysis of the available catalogs. Keeping the focal depth fixedlésses of magnitude) and
shallow is important due to the large errors generally affecting the fopéh deported in the
earthquake catalogs, and due to the fact that the strong ground motion is roainbjied by
shallow sources (Vaccari et al., 1990).

1 Ok M < T
h = 15km 7T< M < 8 (3.1)
20km M <8

The original smoothing algorithm provides four options for determining the depth. réhe fi
option ses afixedvalue of depth for all the polygons, but for the depths lower than 10km, the depth
is set b 10. The second option, by putting 999, will determine the depth according to theutgkagnit
following the tabulation (3.1). The third option makes it possible to read thk fiept the focal
mechanicdile (.fps ). With the fourth option, by putting O, the program will read the source
information including the focal depth from the givesut file. The last option will be used, if the
original NDSHA versionat the regional scale needs to read the source definition file generated by
the updated smoothing program.

The option providd by the original smoothing version cannot be sufficient to handle the
complexity of the Sumatra seismogenic zones. One of them, the focabdémpehsubduction zone,
increases from the trench zone through the forearc zone until the backarc sbogasn Figure

3.16. The change in the focal depth depends on the location; therefore, apeaddeature in the
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updated version to have the possibility to take the depth from the depth dstribigti(dph ).
The focal depth will be interpolated from the scattered depth distributidorinat 3 column
x(long) y(lat) d(km). With the updated smoothing prograns, possible to pick up the depth from
the maximum earthquake in eacéll in the region, see Table 3.2. We successfully impleetent
this features as show in Figure 3.17.

Table 3.2. Option fosdepth parameter and how to get depth information for each zone

Option Explanation
0 set depth fix 10km (if lower than 10 will bring to 10km).
27 set depth to a given value 27km.

999 orc  |depth as function of magnitude, see equation 3.1.

fps depth is taken from .fps file (per polygon)
file.dph | depth is interpolate from depth distribution file.dph
d take from depth of maximum magnitude in the cell
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Figure 3.16. The depth of hypocenter is changing gradually following the slab plaf@cetat the
subdution zone.

)

I Figure 3.17. Plot of the dep
4 of the source, after smoothi
20  process with parameter in ec
8 zone sequentially:
sdeptlrdph, dph, fps, 60
, divsek0.1, 0.2, 0.1, 0.2
a6’ Ga° and radius=4 for all zones.
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3.4 Application to the Sumatra Seismogenic Zones

The new features and control on the individual seismotectonic zone give upnm®i@nd the
flexibility in using the analystOs knowledge to set the parameters. Tlieaghaoes not only come
from the increase of the number of the parameters for each zone but alsthérarry large
number of the parameters in case many zones are used. dastaf the Sumatra seismogenic
zones, there is a need to control 15 zones. Compared with the original versias etkteemely
simple, we are able to control a few variables, such as ratiusg| minRun, minCare, maxCap,
sdepthfor all of the zones. Therefore, we should hawgood knowledge about the seismogenic
zones before using the enhanced features from the updated smoothing procedure; otteecaise
work with the original version by only adopting the default parameters being usieel aniginal
version, and this choice will certainly lead to very conservative resuttsahae considered as the
upper bounds indicators.

The choice of these values is based upon the analystOs knowledge, winicisibased on the
available data. For example, from the instrumental catalog after 196@athmum magnitudés
M7.0 in the Sumatra striksglip, as show in Figure 3.18. Therefore, we do not really trust the MCE
in the Sumatra fault that can be M7.8. In our opinion, the magnitude of 1943 earthqudke
overestimated by geologists. The only point of weakness of using the analystfseexiie short
time span of the existing catalogs, which is relatiielyhe geologicatime scale. We choasthe
value ofmaxCupto be equal to M7.5 to be conservative but without exaggerating the controlling
magnitude. For the Sumatra subduction zone we freely set the value to the maxaxGomz9.0.
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Figure 3.18. (left) the time domain distribution of earthquake along Sumatran fault zone.
(right) the location of big earthquake along the fault.

The Sumatra faulis segmented into several relativedynall segments as show in Figure 3.3
(left); each zone haiss individual MCE; therefore, we prefersmall smoothing radius parameter

(radius=2-3) for the Sumatra fault zones. On the other hand, the Sunda subductiois zone
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characterized by the large segments as shown in Figure 3.3 (right) and theomsd®fzan
earthquake occurrence. Therefore, we prefer bigger smoothing radius parameter (radius=3 - 4) fo
the Sunda subduction zones.

The determination of theell size (livse) parameter is based on how sensitive the estimated
hazardis to the adopted grid spaces. Generally, the near source zones are relativedgmsitinee
to the epicenter location than the far source ones. Therefore, we adopigdu grid resolution
(divsek0.15/ 0.2)% for the inland zones, e.g. Aceh, Semangko, and Lokop zones. We adopted
low grid resolution divseF0.3v+ 0.4% for the far source zones, e.g. thwa Seazone, the inter-
plate zone, and the NSR zone. The default value given by the program for the gaserd
divsek0.2/%

The default value of the slope is 0.3, and for the subduction zones, intermeuiiae
(Meulaboh Zone and Padang zone), and deep zones (Medan and Palembangezmeedhe slope
value equal to 0.6. For the intermediate zone, care should be taken by makmgatiersy value
not diffused into the land area. For the deep zones, we want to maketheleminant only ira
small spot region. Actually, we need a lot of parametric studies to umadenshat the appropriate
value of the slope featurefor our estimation.

The main motivation for developing the updated smoothing procedure is that beeafisd
more problera inthe Sumatra seismogenic zone which need the adoption of the partitiomiciy eff
which preventst from the penetration of the smoothing effect into the neighboring zones. There are
two group zones that have the smoothing number not equal to zero. The firsEigriagra fault
zone system (Aceh, Semangko, Krakatau, and Lokop zone) because the faults gartbrataekes
in narrow zones namely group=1. The Second is the deep subduction zones systenz{vedan
and Palembang zone); #ezones are not affected by the Sumatra subduction zZEgE®UpP=2.
Others groups of the zone® set to group=0.

The last new feature in the updated magnitude smoothing procedure ispgwdBmoothing
which has two parametesstrikeandsdip. This feature adopted only for the Sumatra strike slip and
interplate strike slip, both haaegeological dip greater than B0 he selected parameter values for
each seismogenic zone are shown in Table 3.3.

Because of the Sumatra strike slip zone overlay in the Sunda subduction eohayevto
extract the strike-slip shallow earthquake from the deep Sunda subduction gbeiad@. The
contribution of the shallow depth earthquakes to the hazard is relatively sifedr plotting the
depth with respect to the magnitude for each zone, we can recognize aegleation in depth
between more and less than about 50 km (except zone 1, see also Figure 3.23 pdygdaad
separation).

Table 3.3 gives information about the controlling parameters for the updated udagnit
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smoothing process bggc4select.exe program to pick up the maximum magnitude for each
cell and the result is shown in Figure 3.20 (right). After picking up the maximagmitade, the
eqgc4select.exe file makes smoothing with the neighbored cells by taking into account the

seismogenic zones parameters for the final source definition, as shown in Figure 3.21 (right).

Tabel 3.3 Configurations file for updated smoothing algorithm process for Sumatra seismogenic
zones

tag Zone radius divsel slope Group minRun minCare maxCap sstrike sdip sdepth dcare note
SUz 0 2 0.2 03 0 5 5 9 0 0 fps 300 default
SuUz 1 2 0.2 03 1 0 5 7.5 313 67 20 50 Aceh zone
SuUz 2 3 0.2 03 1 55 5 7.5 324 67 20 50 Semangko zone
Suz 3 2 0.2 03 1 55 5 7.5 0 0 d 50 Krakatau zone
SUz 4 3 03 03 0 0 5 9 0 0 dph 300 Jawa Sea Zone
SUz 5 2 0.15 0.3 1 5.2 5 7.5 0 0 d 50 Lokop Zone
SUZ 6 3 04 03 0 0 5 9 0 0 dph 300 NSR zone
Suz 7 3 0.2 06 0 6 5 9 0 0 dph 150 Meulaboh Zone
SUz 8 3 0.2 0.6 0 6 5 9 0 0 dph 150 Padang zone
SUz 9 4 0.25 0.3 0 6.8 6 9 0 0 dph 100 Nias zone
SUz 10 4 0.25 0.3 0 6.8 6 9 0 0 dph 100 Mentawai zone
SUz 11 -1 0.3 03 0 0 6 9 199 72 fps 300 Interplate zone
SUz 12 -1 0.3 03 0 0 6 9 0 0 fps 100 Sunda Trench zon
SUz 13 3 0.18 0.6 2 0 4 9 0 0 d 300 Medan zone
SUz 14 3 0.18 0.6 2 0 4 9 0 0 d 300 Palembang zone
SUz 15 2 0.2 03 0 0 5 9 0 0 c 300 Jakarta zone
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Figure 3.19. Depth distribution with respect to magnitude of earthquake for Sumatra strike
seismogenic zones. Relocated hypocenters from Pesicek et al. (2010).
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The definition of the source magnitude (The figure 3.21 right) is one of therdmats of the
source definition. Another parameter is the focal mechanism, whki¢hken from the focal
mechanism file .{ps ) for the associated zones. All values for the source definition arehalrea
completed except those for the source depth definition. Therefore, we have tctamtddng
characteristic focal depth in each zone before adoptingsdlepthparameter. The subduction
process plays the main raledetermining the focal depth as shown in Figure 3.22.
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Figure 3.23: plots of earthquakes depth (km) versus magnitude (data from Pesicek et al. 2(
The lower part is arranged based on the location from swallow (left) to deep (right) earshqu
for zones, following box in figure 3.21(left).
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In order to determine thedepthparameter, we tried to find the depth versus the magnitude
relationship as shown in Figure 3.23. The Seismogenic zone in Aceh, as polygon 1thehows
median distribution about 20 km, thus we chosdept+20. It is also almost similar to the other
strike slip zones. For the deep subduction zones, it is relatively dititccdecide the source depth
because the seismicity does not have a preferred depth, as shown in Figurb&&ford, we use
the optionsdeptlrd, where the depth is taken from the maximum magnitude in the cells. The
condition of the interplate zone can be repressthy the earthquake on 11 Apg012 MB.6, and
we put the value in the focal mechanism file, thus weddeptlfps.

The focal depth for the subduction zones obviouslysstaom shallow (zone 12) to deep (zone
13), as shown in the lower part of Figure 3.22. This givea ssong motivation to usa slab
distribution for the subduction zones 4,6,7,8,9,10. Fortunately, the slab informatiannigor
subduction in the world has been publish by USGS as slab 1.0, see Figure 3.24. Tdausadept
the sdepthkedph, where the depth distributieprovided by thefile sum_slabcut.dph  (we crop
and reduce the resolution from the original slab file to reduce the number of points).

The final result of the source depth definition is shown in Figure 3.25 (right)hichwhe
result from the updated version is compared with the result from the origin&igure 3.25 (left).
The information about the event depth in the original version is taken fronstete definition
file (.sut), and the actual value does not enter the computation becatise @dth definition
algorithm in hazard estimation, the depth is defined by the function of mdgngee Equation 3.1
The enhanced smoothing algorithm has successfully provided more realistic @déipihiod

regarding the Sumatra subduction zone.
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4. Geology and Structural Model of Sumatra

4.1. Geology of Sumatra

Geologically, Sumatra forms the southwestern margin of the Sunda Craton, wieictise
eastwards into Malaysia Peninsular and the western part of Borneo (Figuréhé. backbone of
the main island is formed by the Barisan Mountains, which extend the whgté lef Sumatra in a
narrow belt, parallel to, and generally only a few tens of kilometres, frors\Wecoast. A Pre-
Tertiary basement is exposed extensively in the Barisan Mountains andlin tekands of Bangka
and Billiton. The oldest rocks which have been reliably dated are the seslimnénthe
Carboniferous-Permian age, although the Devonian rocks have been reported from a botehole in t
Malacca Strait, and the undated gneissic rocks in the Barisan Mountainsepresent a Pre-
Carboniferous continental basement. All the older rocks, which lie mainly téEhef the Sumatra
fault system, show some degree of metamorphism, mainly to low-gradeasidtpgyllites, but the
younger Permo-Triassic sediments and volcanics are less metamorphosed.

The area to the SW of the Sumatra fault is composed largely of yanedthmorphosed
Jurassic-Cretaceous rocks. The Pre-Tertiary basement is cut by the gramierirthat ranges in
age from Permian to Late Cretaceous. Locally within the Barisans, teméaisis intruded by the
Tertiary igneous rocks and is overlain to the NE and SW by the volcaniciemstisiliciclastic
sediments in the hydrocarbon- (oil and gas) and coal-bearing Tertiary sedimentary Tasses
basins have backarc, forearc, and interarc relationships to the Quaternary toVREzent arc.
The lavas and tufts from these young volcanoes overlie the older rocks throughoutdhesBand,
in particular, cover an extensive area in North Sumatra around Lake Toba. €he akuvial
sediments occupy small grabens within the Barisan Mountains, developed aldite thé the
Sumatra fault and cover the lower ground throughout Sumatra. These alluvialrgscaneeof the
fluvial origin immediately adjacent to the Barisans, but pass into thenpwlacustrine and coastal
deposits towards the northeastern and southwestern margins of the island (Barber et al., 2005).

In terms of the Holocene epoch tectonics, Sumatra forms the active sstgiiwmargin of
the Sunda Craton (Sundaland), the southeastern promontory of the Eurasian Plate. The Indial
Ocean plate moves with velocity of about 7.7 cm/year in the north-northeast (NNE) direction,
which becore oblique to be subducted at the Sunda Trench. The profiles across the landward side
of the Sunda Trench imaged the removal of the packages of the sedimetiidrdawngoing plate
to build a forearc ridge accretionary complex (Hamilton 1979; Karig et al. 1980)o0ltpie
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subduction results in the northwestward movement of a 'sliver’ plate (Curray 1989pléecboth
from the downgoing Indian Ocean plate and the Sunda Land plate, along the Wadafi#em@pf
which dips northeastwards at*@fhd along the vertical Sumatran Fault System. This fault system
has a low dipping angle, a characteristics common to EEedirected subduction zones (Doglioni
and Panza 2015). The Wadati-Benioff zone intersects the fault at a depimef200 km. The
active Sumatran Fault System runs the whole length of Sumatra through the Baosatailk,
from Banda Aceh to the Sunda Strait, and paralleled by a line of the Quaternary volcanoes,
mostly quet, but some currently active. Sumatra is separated loyear ridge, with the emergent
islands in the marine basins more than 1000 m deep, extending from Simetigenarth to
Enggano in the south. The Malacca Strait and the Java Sea form the spati®mof the Sunda

Shelf. Across the shelf, the seafloor is shallow with a depth of less than 200 m and remarkably fla
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Figure 4.1. Simplified geological map of Sumatra (Barber et al, 2005), the cross-section al
(NE-SW) line is shown in figure 4.2.
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4.2 Compilation of the Available Tomography Data

The realistic seismic hazard estimation needs an as possibletacsource model and a
structural model. NDSHA can provide the strong ground motion parameters based aligtie re
physical simulation of the seismic wave propagation within the struatuodel. TheNDSHA
relies on the modal summation technique, which is able to involve the physical paramoithe
soil/rock for the simulating seismic wave propagation, i.e. densgyVy Q,, and @Q, not only in
the laterally homogeneous medium, as discussed Panza et al. (2013): S¢idedc hazard and
strong ground motion: an operational neo-deterministic approach from national tosdadal
Providing the accurate structural models is a challenging work because thereed to conduet
3D tomography in order to obtain the physical (mechanical properties) parametdesi rfer
modeling the seismic wave propagation. Construdisiguctural model with new data is not one of
the scopes of this study, and we make use of the available tomographg studega suitable
structural model.

The 26 December 2004 Mw 9.1 and the 28 March 2005 Mw 8.7 Sumatra-Andaman
earthquakes are among the largest ever recorded in the instrumental era and gnavigiee
opportunity to investigate the subduction megathrust and seismogenic zone prosiesse®dern
techniques. Several recent studies have taken advantage eatdiidederived gravity data
obtained by NASAOs Gravity Recovery and Climate Experiment (GRACE) to sudgessasure
the time-dependent gravity response of the 2004 earthquake. For instasicek 2009) has
constructed a 3D density model, whose calculated gravity effects agteeitiveéhose in a recent
model of the observed mean gravity determined from the GRACE measurementyavine
model is used for the GRACE derived model GGMO02c (Tapley et al., 2005). The gnaxgling
of the region surrounding the rupture area of the 2004 Sumatra-Andaman great earthquake has be¢
conducted to better constrain the regional three-dimensional (3D) density struotaré-ihite
Element Modeling (FEM) of deformation due to this event. Adjustments toridieal FEM design
for these features, which include the thinned crust associated witmtseman backarc-spreading
center, low-density sediments of the Bengal fan, and the thickened crustddetmetsBurma and
the Malay Peninsula. Pesicek (2009) has not yet p@aliste model; however, the gravity model is
from the initial model (Masterlark & Hughes, 2008) in the Tomoeye package (Gorbiatal
2004). The model hasresolution 0.5%,space domain longitude from 90v4 to 109¥a lattlide -
5% to 21%, and the 7-layer vertical resolution (50, 100, 150, 200, 250, 300, and 350 km) as shown
Figure 4.3. The slab subduction is well defined by the density. For the vaheslafers lower than
350 km is taken from the reference model AK135 (Kennett, 1995). The density saflitiecting
slab is less than that of the surrounding mantle, as also observed in the othetisnlzdunes in the
Mediterranean (Brandmayr et al. 2011, ElGa#iryl. 2013). This fact is in full agreement with the
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concept of the polarized plate tectonics (Doglioni and Panza, 2015) and disprowéshenbasic
concepts of the standard plate tectonics: the slap pull progress.
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Figure 4.3. (left) Density model distribution at depth 50km (Persicek 2009). (right}cal
smoothed cross section extended with ak135 for z deeper than 350km

Pesicek et al. (2010) also takes the advantage of the increased ray cduertmgseismicity
following the 2004 December and 2005 March great earthquakes, an improved itecativalie
global tomographic method (travel time P-wave tomography) was applied to the&Arataman
and adjacent regions which the propose for better constrain the 3-D mantlty yedterogeneity in
the region. Velocity and hypocentral parameters were iteratively perturbedpershiae image of
the subducted slab. These tests show significant increases in amafitldecreased smearing of
synthetic slab features. Thus, when applied to the real data, similawxcentents are inferred in the
resulting model, which better illustrates the complex slab geometry irugher-mantle and
transition zone regions along the Sumatra, Andaman and Burma subduction zones. ohlaéRPegi
wave tomography study is covering the whole Sumatra Island as shown in figure 4.4.

The S-wave tomography data, in Figure 4.5, is from courtesy Sriwidiyantor (2008),isvhich
derived by using an updated version of the reprocessed S arrival time data of Ehgdlatii998).
The information from the S-wave data helps to characterize the inferi@dtyevariations, but
previous studies have not produced any good constraints on the slab structure.ikeijsdse to
the relatively high noise level of the International Seismological Centri@) (Eswave data.
However, the refinement of the travel time data, particularly the repmgesisthe multiple data
sets to extract the improved S-wave information conducted by Engdahl et al. (199@eatdy

benefited the current study. Engdahl et al. (1998) used the S phases in th&ounitia location and
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an appropriate S-wave reference velocity model (ak135; Kennett et al. 1995) spkedisaof the S-
wave tomographic imaging technique employed here are similar to those efvéngeeRlata, except
that for a ray to be included in the inversion, the travel-time residual fefagve to the ak135
reference model has to lie in the range +/-15.0 s, in contrast to the dynamighteng of the P-
wave residuals (Pesicek et al. 2010) and (Widiyantor 2011).
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Figure 4.4. (left) P-wave tomography (Pesicek, et al. 2010) within the 3th lay=9CQkma. (right)
Vertical cross section along the red line profile (left) (ref. AK135).
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Figure 4.5. (left) S-wave tomography for the 3th layer at z= 90km (ref. AK135). (right) Ver
cross section along the red line profile (left), data from (Widiyantor 2008)
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The tomography images for P-wave (Figure 4.4-left) and S-wave (Figure 4.5-left) show the
boundary between the two plates, the positive perturbation value relatedcmothmeanic crust
and the negative value related to the hot continental crust. Both tomographlsdataosy the slab
under the subduction from the Sunda Trench and the vertical sections acss/grgent margin
in the middle Sumatra from SW to NE (red line) in Figure 4.4 (right) and 4.5 (rightjurBsnsg
up the main properties of the velocity and density tomography models, it is pdssitdte that in
the study region: (a) the density of the subducting slab is less than that safrtounding mantle
material, (b) the Vp and Vs velocities in the subducting slab are largethibse in the surrounding
mantle. This fact contradicts the popular beliefs that the subductingyasia at the same time faster
and denser than the surrounding mantle, which is in perfect agreement wiglcttkieat both ¥
and Vs are inversely proportional to the density. For a more detailed discussioncgg®iiDand
Panza, 2015).

The slow (relative to models of the wave speed) progress in the developmtre
attenuation model is not surprising since the wave amplitude, which isltypised to measure
attenuation, requires a more complex interpretation than that of the wauetitreever the phase
delay. The three-dimensional attenuation model in this study from Daltdn(80@8) is derived
from the observations of the fundamental mode Rayleigh wave amplitude anonthé period
range 50 B 250 s, namely the QRFSI12 model. The data are measured from #iecwerponent
seismgrams derived from the earthquakes withA6.0 that were recorded by the global and
regional stations, and the algorithim described by Ekstrom et al. (1997) for making the
measurements. The data are ratios of the observed to the synthetica@iteda, where the
reference seismogram is calculated using the appropriate moment tensoe aedttoid location
from the Harvard CMT catalog (Dziewonski et al., 1981). The QRFSI12 pasr resolution for
Sumatra as shown in Figure 4.6. Fofuture study, we have to find more detaiéd and higher
resolution attenuation model for Sumatra, but the present day knowledge isablecépt our
purposes.

The attenuation information from the QRFSI12 model is only the shear-waneatibn Q
but the modal summation also needs a compressional wave attenuatidhe€@ is a very well
known relationship to get the bulk attenuation from the shear attenugt¢@/QQs as explained
in many text books such as (Anderson 1989) and (Stein and Wysession 2003). The attenuatior
model from the QRFSI12 is really poor in terms of the complexity of the geolo@umiatra.
Because we havep\and 4 (VPS) for a resolution 0.5 degree for Sumatra, we try to apply some
weight as the weighting factor VPS data. We use the simple rejatoposed by Richard and
Stewart (2006) with the relationship,€1.0/(0.0241*(\W/V)-0.0357). We put the weight for,Q
from this relationship about 0.2 and 0.8 from the QRFSI12.
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The discussd models above have a good resolutiom deeper part until the depth of 1500
km, and the other models giadigh resolution until the depth of 350 km; also they halaed
resolution in the upper layers. The reliability of the simulation depends omefiabie the detail is
in the structure model being used. Therefore, critically combining all awailatdrmation could
provide a high vertical resolution in the uppermost layers. The adopted structural models are
obtained from the surface wave tomography studies, e.g. model crust 2.0 (BasskzD@0rhnd
litho 1.0 (Pasyanos et al., 2014). The global models of the Sumatra region are rstrogure 4.7

and 4.8, respectively.

Figure 4.7 (left) Matching depth from Crust 2.0 (resolutm)/\RIh SRTM data. (right) the
model at the upper crust layef'(Byer)

The global crustal model CRUST2.0 uses the keys to assign the various tjipesmistal
structure (such as Archean, early Proterozoic, rifts, etc.) in each cell. CRUJ®&s adjusted in
type to better reflect the edges of the shelves and the coastlinthidkreess of the sediments in
each adopted cell is about 1.0 km meanwhile the average crustal thiekmegsss km. The 2x2
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degree model is composed of 360 1D-profiles, where one of these profilsgyriseedso each 2 x 2
degree cell. Each individual profile is a 7-layer 1D-model with i.e. 1) leea®dr 3) soft sediments
4) hard sediments 5) upper crust 6) middle crust 7) lower crust. The paramet®iS ®Rd rho are

given explicitly for these 7 layers as well as the mantle belowibteo (Bassin et al. 2000). The
upper crust layer for Sumatra has been plotted in Figure 4.7.
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Figure 4.8 (left) The icosahedron tessellation distribution of point Litho1.0 (resolétiandl
overlay with future alternative polygon. (right) the Model at lower sediment layer'(fayer).

The compilation of the crustal model initially follows the philosophyha widely used
crustal model CRUST2.0 that assigns the elastic properties in the lorgstalist according to the
basement age or the tectonic setting. CRUSTL1.0, introduced in ¥} asa starting model in a
comprehensive effort to compile a global model of the EarthOs crust anphktteosThe Moho
depth in CRUST1.0 (Laske et al. 2013) is based on 1¥ux1%4, which are the aversgmniy a
updated database of the crustal thickness data from the active sosntie studies as well as from
the receiver function studies. In each 1-degree cell, boundary depth, compressiorsigand
velocity as well as the density is given for 8 layers: water, icedBrent layers, and upper, middle
and lower crystalline crust. The topography, bathymetry and ice cover are takenl@i?®E, and
the sediment cover is based on their sediment model (Laske and MastersFa®#7@. cells with
no local seismic or gravity constraints, gtatisti@al averages of the crustal properties, including the
crustal thickness, were extrapolated. However, in places with the corssti@inthe depth to
basement and the mantle are given explicitly and no longer assigned by taktgpestThis allows
for much smaller errors in both.

The CRUST2.0 haa complete set of data for the Sumatra region for all depth and well
tested but low in the lateral resolutiof2We tied to use the updated version wihhigher
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lateral resolution, CRUST 1.0, but teeis amissng part for the velocity Y at layer 4. Therefore,
we skip the CRUST1.0 and step toward using LITHOL1.0; the model is then edlidgainst the
new global surface wave dispersion maps and adjusted in the areas of extreme misfit.

It appears that LITHO1.0 (Pasyanos et al., 2014) represents a reasonabig retzael of
the Earth's shallow structure (crust and uppermost mantle) for the purposeshrtivéisie models
are used, such as the travel time tomography or in the efforts to ci@&ateeterence earth model.
The model matches the surface wave dispersion over a frequency band widee thand used in
the inversion. There are several avenues for improving the model in the futurdugynmahe
attenuation and anisotropy, as well as by making use of the surface whigtseafrequency. Each
of the nodes has a unique profile where the layering is moreeatditadn in CRUST2.0, since the
sedimentary layer is divided into upper, middle, and lower sediments. Thedediarent layer for
Sumatra is presented in Figure 4.8. Other additional layers under the crusTf®1.0 are one
layer for the lithospheric mantle (lid), and one for the asthenospheric niEmli@arameters of the
layer thickness, ¥ Vs, rho, and Q (placeholder values) are given explicitly for all layers. The
parameters below the asthenosphere blend into the ak135 model (Kennett et al., 1995).

4.3 Observational Sites and Rotated Cellular Polygons

NDSHA produces realistic strong ground motion estimation through the incorporation of the
detailed crustal structure and the source information. This is an advardiegetheNDSHA
method that has to beigawith a high computatical cost. Therefore, the optimum spacing between
siteswhere the structural models are specified is required to decrease theatmnpltime. In this
study, we adopteda grid space of 0.2% as shown in Figure 4.9 (right). Beside using 0.2% grid
interval, we also put directly the observation point in the center of an Iglarad filled when

applying 0.2 degree interval.

There are 954 receiver sites (locations where the synthetic seismayecemMputedas
shown in Figure 4.9 (right). Because of the modal summation method needs tatealwikspectral
modes for each structuri¢,is better to group similar structural modeisthe close receiver sites
within a polygon. In this study, we rotated the cellular polygons by 54v.. The rotfatioa
structural zonewill contribute in the enhancement of the hazard computation as show in Figure 4.9
(left). As the first advantage, the rotation reduces the number of the polygons becasseawad
producing the small polygons at Conner near the coastline. The total number ofytfengpisi 49,
which 14 polygons for the small Islands and 35 polygons for the Sumatra islandeddrel s
advantage is that the polygondll be aligned along the orientation of the geological layer near
west and the polygon near easill orient in the same directioas the thick sedimentary cover
orientation. Finally, with the 3D heterogeneous modal summation, we can comis&ruely part
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from the subduction zone perpendicuiarthe polygon side, and this will ke matterfor a future
study (a Mura et al., 2011, Panza et al., 2013).

The observation points can be defireslaregular grid for estimating thgeismichazard
map at different scales as shown in Figure 4.9 (left) or from the auttgaltvation points such as
seismometer, accelerometer, and observed intensity data. Figure 4.10 (lefjldhdhows the
accelerometer, and the seismometer network run by the Indonesia Meteor@odi¢¢ophysical
Agency (BMKG).
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Figure 4.9 (left) Rotated by 54v4 cellular polygons used to define the structural model in th
(right) Distribution of computation points in this study inside the polygons
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Figure 4.10 (left) Distribution of BMKG accelerometers for Sumatra (right) Distribution ¢
BMKG seismometers for Sumatra and associated structural polygon.
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We make a simple programpor4obs.exe to assign the observation points with the
associated structural polygons. For example, the observation point from thercwesde
accsuml.obs, our structural polygsumg.por , and the new observation file has been associated

with the structural polygon by following the command in Figure 4.11.

/ Glanal and Reglana : ' Ragonal
Lmograghy Des 1Rty

10 =ructral Mode

Each polygon
Figure 4.11. Diagram procedure for production the spe
pordobsene ey Modes and observation point by following command
| pordobs.exe sumg.por accsuml.obs > acc.obs
—— . T _ pordobs.exe sumg.por dx 0.5 > sum2.obs

| Spadral moces | Ctsevason 2oty
| 157 \ (* nhs) \ .

; '| - The *.obs file will send to paths generator program, whe

B cowgasation of T path ganarior the spectral modes (see figure 4.13) send to n

SMIEIC seamogam summation computation for generating synthetic seismo

4.4 Structural Model of Sumatra

The structural model for each polygon is represghby the 1D structural model that defines
the physical properties of the propagation path i.e. densiyVy Qp, and @, which dfects the
resultant strong ground motion at the target site. We extracted the valugsrpglation from the
available studies, at the centroid area of each polygon, from the ava8ilabie@dels, as discused in
Section 4.2. After performing the interpolation and the compilation using sewenalgtaphy
studies,we obtained the requested 1D structural model. Listing 4.1 shows the 1D stroctalell
under the Banda Aceh city related to the polygon number 3 in Figure 4.9-left. The phat of
structural model for the whole depth (until 1500 km) is shown in Figure 4.12 (ledt)the upper
layer resolutions shown in Figure 4.12 (right).

After adopting the appropriate structural models for each area, thereeid ore@mpute the
spectrum file for each model being used #orspecific frequency (Panza et al, 1983). The
computation of the modes for a given structural model is the prerequisites foomputation of the
synthetic seismograms. The algorithm for the computation of the eigenvaillRayleigh wave for
the solution of the elastic wave propagation in the multilayered medine agiotient of product of
the matrices is given by Knopoff (1964) amthnza (1985). The structure should reach at least 80
km in depth for 10 Hz computations (100 km would be even better), and about 1100 km for 1 Hz
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computations (the detailed description of this procedure is shown in the nuewsdped by

Vaccari (2015m). Figure 4.12-left shows the Rayleigh-wave and Love-wave dispersios fourve
the structure under the Banda Aceh city.

%thk(km) rho  Vp(km/s) Vs(km/s) Qp Qs  depth(km) layer, 95.5165, 5.3823
1.1787 1.97 2.169145 0.708092 1350.13 600.00 1.17866 1 SEDS1 -BOTTOM
6.8135 2.47 5.147437 2.904619 1350.13 600.00 7.99216 2 CRUST1 -BOTTOM
8.4092 2.67 6.113295 3.495663 1350.13 600.00 16.40134 3 CRUST2 -BOTTOM
15.1265 2.85 6.686211 3.815870 1350.13 600.00 31.52783 4 CRUST3 -BOTTOM
92.8497 3.30 8.123616 4.628840 450.04 200.00 124.37752 5 LID -BOTTOM
100.0000 3.30 7.961142 4.326709 157.52 70.00 224.37752 6 ASTHENO -BOTTOM
55.62248 2.65 8.572799 4.639019 208.83 92.72 280.00000 7 M65
60.0000 2.78 8.753242 4.750742 201.59 89.51 340.00000 8 M62
70.0000 3.47 8.939481 4.861714 156.31 69.40 410.00000 9 M69
80.0000 3.93 9.550887 5.220524 416.59 184.97 490.00000 10 M55
80.0000 3.92 9.810226 5.370601 420.98 186.92 570.00000 11 M51
90.0000 3.92 10.119212 5.566250 425.83 189.07 660.00000 12 M48
90.0000 4.29 10.932946 6.094822 1315.11 583.91 750.00000 13 M44
90.0000 4.40 11.122142 6.236225 1271.93 564.74 840.00000 14 M43
90.0000 4.49 11.280877 6.265922 1255.96 557.65 930.00000 15 M41
90.0000 4.57 11.451852 6.338050 1240.11 550.61 1020.00000 16 M39
110.0000 4.63 11.602945 6.432203 1223.39 543.18 1130.00000 17 M37
120.0000 4.69 11.771735 6.541500 1204.54 534.82 1250.00000 18 M36
150.0000 4.76 11.950846 6.629762 1182.80 525.16 1400.00000 19 M33
Listing 4.1. Filesumh0003.stp is the structural model under Banda Aceh city
Vp Vs Prolile Vp Vs Profile
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Figure 4.12: Structural model under Banda Aceh city related polygon 3 (file sumh0003.:
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Figure 4.13. Dispersion curve for (left) Rayleigh wave (right) Love wave for Banda Ace
structural model as shown in figure 4.11. Upper is phase velocity and lower is group vel

The adopted structural model is validated by comparison with the other (Ksnittethet
al. 2012) from the receiver function as shown in Figure 4.13 (left). The comparisomiés cat
for 1, Vs, and W in the structural model of the polygon 4 and 19, where the LMHI and GSI
seismometer stations are located as shown in Figure 4.14 (right). The comparls Vs, and \b
computed using the receiver function from LITHO1.0 and CRUST2.0 carried out by Kenaéth et
(2012) for both figursthat show that they are relatively similar, and the LITHO1.0 model (solid
line) more closely approaeh the receiver function, and we prefer to use the LITHO1.0 for the
upper part of the structural model. In order to improve the quality of the upper péwgsstrfuctual
model, the surface wave tomography could be performeduture study. Figure 4.15 shows the

entire structural models used in this studwnasverlay.
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Figure 4.14: The LITHO1.0 model (solid line) more closely approach the receivdiofL
inversion model (thin line, Kenneth 2012) compare to CRUST2.0 (dash line) especiakntiiy
model. (left) Station LHMI at structural polygon 4 and (right) station GSI at structural polygc
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Figure 4.15: The overlay all of the structural models used in the simulation
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5.Modal Summation Technique and Validation

5.1 Seismic Wavefield and Modal Summation

Seismic waves can be represented as elastic perturbations propag#tingawnedium,
originated by a transient disequilibrium in the stress field. In the studgsifcebodies, to take into
account macroscopic phenomena, it is assumed that the medium is a contieyuhnat the matter
is distributed continuously in space. Therefore, it is possible to definmdtteematical functions
that describe the fields associated with the displacement, stress and deformati

Considering the balance of the forces such as inertia, body forces, and sudesadcting on a
cubic element within the continuum, and applying the Newton's laws of meWerobtain the

system of equations of motion.

u, y 4 9% 30w | B0,
P P T 5 Ty T oz
3%u du,, da,, 0.,
p—m =pY + + — 4 = (5.1)

12 ax iy iz
3 u- da,- d0.- B0

~ =pl + —— + — + <
P are P X ay az

where a Cartesian coordinate system (x, y, z) is adopfedt) gi=x, y, z; j=X, Y, z) indicates the
second-order stress tensbris the density of the material, and X, Y, Z are the components of body
forces for a unit mass.

In general, the relation between the stress and deformation can take compigx form
since they have to consider the effects of the parameters likegetesnperature, and the amount
of the variability of the stress. Nevertheless, by assuming that the déifmmsand stresses in short
duration (the conditions mostly satisfy the problems in the ground motion estijreate small, we
can then think othat the solid behaves linearly, and the constitutive relation linking tasssts
and the deformation becomes the Hooke's laws of stress tensor. Aftenggalgie symmetry and

assuming the locally isotropic stress, we get the equation

0’;[ — R(’A‘a) + 2““":‘( (52)
and the quantities andp are called.ame parameters
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Using Equation 5.2, Equation 5.1 becomes a linear system of three difleegpizdions
with three unknowns: the three components of the displacement vectors,cobisgents depend
on the elastic parameters of the material. It is not possible taH@analytic solution for this
system of equations; therefore, it is necessary to add further approximatiossn @ccording to
the adopted resolving method. Two ways can be followed. In theningtan exact definition of
the medium is given, and a direct numerical integration technique is usety¢othe set of those
differential equations. The secomgy implies that the exact analytical techniques are applied to an
approximated model of the medium that may have the elastic paramey@ng @ong one or more
directions of heterogeneity. In the following, we introduce the analytical eolvalid for a flat
layered halfspace that constitutes the base of knowledge for the meatme&vill develop for the

models with the lateral discontinuities.

Let us consider a halfspace in a system where the Cartesian coardireatae vertical z-
axis positive downward and the free surface, where the vertical steessadl and thus defined by

the plane z=0 (Figure 5.1).

~ free surface

yY X

Figure 5.1. Adopted reference system for a vertically
z heterogeneous halfspace.

Let us assume that I, m, and r are piecewise the continuous functipnanaf that the body wave

'y ¥ - y
! A420 o Vo
’

=y g — : . :
velocities," ~ ¥V~ # and \' ¢, assuming their largest valug,aamd ly, when z > H, remain

constant for the greater depths. If the elastic parameters depend only upon ta c@otdinate,

using Equation 5.1, Equation 5.2 becomes:

?'v"u, Y a5 du, ( au, \ .'4:.‘0;
b =pA F AP = (AT 1) +N T+ R)T——
’ ar- ¢ " dre " xuy 5 RN
Pu, du, B du, O du.
NPT TR A Frar ety o
ay- e d: oz dr dx
u, y %4 du, &, A .
P =pr 4+ A4+ 2h)— + A+ ) + (A 4 ) m=
di- f Z ay E dady dyaz (5 3)
Ay BPu,  dwdw,  dp i
+ ity .‘ ~rh b
vx- I ol d; d2 dr ov
u- u. 7 u, u,
p—r=pZ+{N+2p)—— A+ p)— + A+ p)—
i+ i P dxdz aya:
i u. @i i\ du, e, du- TSRS
ths—s theF+ o ot 5 ) 2
ax* ave drs \ ax gy oz 1= J2
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The boundary conditions that must be satisfied when solving Equation 5.3 are the free
surface condition at z=0. The complete solution of Equation 5.3 can be reprasemtenhtegral
form. At large distances from the source, compared with the wavelength,aihepart of the
solution is given by Rayleigh and Love modes (see e.g., Levshin (1973) and Aki and Richards
(1980)).

By neglecting the body forces, we can consider solutions of Equation 5.3 havinghef f

the plane harmonic waves propagating along the positivesx axi

Hwr—Ekx)

uix, 1) = Fiz)e (5.4)

The source is introduced in the medium representing the fault, wéedfis supposed to be
a planar, as a discontinuity in the displacement and shear stresseswigidsespect to the fault
plane. On the contrary, the normal stresses are supposed to be continuous adaosisiame.
Maruyama (1963) and Burridge and Knopoff (1964) demonstrated with the representation theorem
the rigorous equivalence of the effects between a faulted medium wdikcantinuity in the
displacements and shear stress fields, and an unfaulted medium whereptirebody forces are
applied.

Following the procedure proposed by Kausel and Schwab (1973), we assume that the
periods and wavelengths, which we are interested in, are large compardewite time and the
dimensions of the source. Therefore, the source function, describing the discoraintiy
displacement across the fault, can be approximated by a step functime iand a point source in
space. Furthermore, if the normal stress is continuous across the fauffrtites representation
theorem the equivalent body force in an unfaulted medium is a double-couple muth tatal
moment. With this assumption, the eigenvalues and eigenfunctions of the prageatready
determined; we can write the expression for the displacement with vairyiegi.e., the synthetic
seismogram, for the three components of motion. The asymptotic expression Bbuther
transforms of the displacemedt= (Ux, Uy, Uz), at a distance r from the source, can be written as

(=2 -1 "V, where m is the mode index and:
Wild e f il e
¢ [kpe """ * Bali (2, w)
"Ur, 2, w) = e [,\'R(h,,\',‘l.glu)l\ L — ‘I — —]
vam v 2egvgrhin |,
(Vam T byl y
e [k e~ uy(z, w) (5.5)
'"l_"‘.(f, W)= —_—— X1 ”," (')S'UJ) v N ‘_“——“]
vam v 2c vl M

m{‘r ',' :.(”) = n-’,."" :_‘H,(' Hw :I’A"I

The suffixes R and L refer to the quantities associated with Rayleigh and Love modesyedgpect
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In Equation 5.5S#) =|S¢)|exp[larg(Sé))] is the FT of the source time function while
$(hs, % represents the azimuthal dependence of the excitation factor (Ben-Menihétarkrider,
1964)

Xrlhy, @) =dy+ ildigsmg 4 drgcos @) + dig sin 2@ + dyy cos 29

(5.6)
xe(h,, @) = i(dy; sing 4+ dyy cos @) + dyg sin 2@ + dyg cos 2¢
with:
IBI in A sin 28
dy = 5 (h)smAiAsin divia G(h.)cos A sind
dip = ~C(h,)sinAcos 2 dy = —G(h,)sinAcos 28
dig = —C(h,)cosAcosd 4 l ’% (5.7)
& = ~V(h,)sinAsin2
dig = Alh,)cosAsind x 2 3
dyy = Vih,)cosAsind,

dip = - l—;\lh\)sin)\sln 28
where %is the ;ngle between the strike of the fault and the direction obtagretaing the
epicenter with the station, measured anticlockwisés the focal depth&is the dip angle and is
the rake angle (see Figure 5.2). The functions gthat appear in Equation 5.7 depend on the

values assumed by the eigenfunctions ahtfpocenter

uithy)

Alh,) = -
u-{0)
B(h,) uiihy) 2 a’ih,)
PRSI (7 {7 R
c{h,) /) w.(0) plh yasth,) u-(0)/e
r I oo (h,)
Ol m = sl (5.8)
Wil ) d0) /e
1 a’ih)
Glhy) = = ——
wlle ) )/«
i k) u Ah,)
Vih,) = —— -

w0y w0

where the asterisk, *, indicates the imaginary part of a complex quantityi,e ,/*, and' ,* are

real quantities. Theedailsin proving the above equation was done by Panza et.al (2001).

The synthetic seismogram can be obtained with the three significarst & long as the
condition kr>10 is satisfied (Panza et. al., 1973), and a realistic kinemadie! of a finite fault can
easily be adopted (e.g., Panza and Suhadolc, 1987; Sarah et. al., 1998) in conjunctiba with
modal summation technique. The seismogram is computed by summing therieseagdiated by
the single point-sources with the appropriate time-shifts that are defirtbd hypture process. The
resultant time series show the great influencethendirectivty, and the distribution of energy
released in time may have influence on the synthesized ground motion (Panza et.al 2001).
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At each site, the horizontal components (PBSV radial and SH transverdedtisynt
seismograms are first computed for a seismic moment 6MNLh and then scaled to the magnitude
of the earthquake using the momentbmagnitude relation from Kanamori (1977). Thedsioé
the source is accounted by scaling the spectrum using the spectral Esalprgposed by Gusev
(1983) as reported by Aki (1987). For the period between 1 and 2 s, the Gusev spectral fall-of
produces higher spectral values than 'the spectral fall-off, and thus guarantees a conservative
hazard computation (Vaccari 1995).

For the acceleration, the deterministic modeling can be extended to fregugmater than
1 Hz by using the existing standard design response spectra (Panza et al.,lH86%ign ground
acceleration values are obtained by scaling the chosen normalized design eregpectsum
(normalized elastic acceleration spectra of the ground motion for 5 % lcd#iogping) with the
response spectrum computed at frequencies below 1 Hz. The design ground eccéRGA) is
obtained through extrapolation using standard code response spectra following the procedure
described by Panza et al. (1996).
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Figure 5.2. Angle conventions used for the source system.

5.2 Parametric Test for Modal Summation Technique

There are several approximations adopted to use the modal summation toeganerat
synthetic seismogram. In order to understand the synthetic seismogram andddtaegffect of
different input parameters in the resultant ground motion, the parametric test program caedbe carri
out by runningeparatest.out . The input parameters are described in detalil in the filename
eparatest.par with a fixedformat, (e.g. SRE, DIP), see Listing 5ALquick reference manual
for this original version of 1D Modal Summation Technique paramigsicissupplied by Vaccari
(2015).
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Parameter file for program eparatest

svalp Test label (root for output filenames - 13 chars max)
0 Ref. box for values not listed below (0=no, 13 chars max)

svalp.spl Love spectrum file

svalp.spr Rayleigh spectrum file

2 Motion (1=displ, 2=vel, 3=acc)

50 Time length for plot seismograms (s)

1 13.045.080 Source (1=point, 2=extended), lon, lat, strike (Nord)

SRE1 036015  Strike (loop 0=no,1=yes, start, stop, step) (Degrees)

DIP 0O 30 9010 Dip (loop 0=no,1=yes, start, stop, step) (Degrees)

RAK O 10 4010 Rake (loop 0=no,1=yes, start, stop, step) (Degrees)

SDEO 7 9 1  Source Depth (loop 0=no/l=yes, start, stop, step) (km)

EDIO 1520015 Epic. Distance (loop 0=no/l=yes, start, stop, step) (km)

RDEO 0 3 1 Receiver Depth (loop 0=no/1=yes, start, stop, step) (km)

MODO 0 0 1 Modes (loop 0=no/l1=yes, start, stop (step must be 1))

INTO 1 30 1 Interpolation (0 - 9) (flag 0=no,1=yes, start, stop, step)
MAG 06.57.0.1  Magnitude (flag 0=no,1=yes, start, stop, step)

Listing 5.1 Original version parametric test (file namgaratest.par )

Parameter file for program readpar2.out

takl Test label (root for output filenames - 13 chars max) (*)

0 Ref. box for values not listed below (0=no, 13 chars max)
sumg.por Polygon file

2 Motion (1=displ, 2=vel, 3=acc) (*)

50 Time length for plot seismograms (s)(*)

1 Source (1=point, 2=fix dir, 3=auto dir, 4=ext true)

96.665 4.645 Epicentral coordinates (Lon, Lat, Degrees)(*)

0./Gusev/ Path to scaling curves (0=call pulsyn)(*)

ghilpx Name of file(s) for scaling (for source type 2)

./ita001.src Reference .src file (O=auto) (not used for pre - computed scaling curves)
SPX "s/shof"

#SPX "s/shtf"

#s/shtf0006.spx #this for uniform structural spectral

#2013 - 07- 02T07:37:02.61 6.1 Mw 4.645 96.665 13.0 Northern Sumatra, Indonesia # 315 80 170
SUT 96.665 4.645 13.0 31580170 6.1 Takengon

STRO 315100 5  Fault strike (Degrees)(*)

# 96.4040 4.2668 0007 0.000 MLSI

#0OBS 96.4040 4.2668 MLSI

#EDI 50.958, SRE 100.471 MLSI

#CEL 0.1

#AZI0 3060 10

#DIP 0 80 9010 Dip (loop 0=no,1=yes, start, stop, step) (Degrees)(*)

#DIP 1 30 80 50 Dip (loop 0=no,1=yes, start, stop, step) (Degrees)(*)

RAK O 170 4010 Rake (loop 0=no,1=yes, start, stop, step) (Degrees)(*)
SDE O 13.0 15 2 Source Depth (loop 0=no/1=yes, start, stop, step) (km)(*)
EDI1 2702  Epic. Distance (loop 0=no/1=yes, start, stop, step) (km)(*)

#EDI 50
SRE 0 100 110 10 Strike - Receiver (loop 0=no,1=yes, start, stop, step) (Degrees)
#SRE 2 0 360 5 Strike - Receiver (loop 0=no,1=yes, start, stop, step) (Degrees)

RDEO 0 3 1 Receiver Depth (loop 0=no/1=yes, start, stop, step) (km)(*)

MODO 09 1 Modes (loop 0=no/1=yes, start, stop (step must be 1) )(*)

INTO 110 1 Interpolation (0 - 9) (flag 0=no,1=yes, start, stop, step)(*)
MAG 0 6.17.0.3 Magnitude (flag 0=no,1=yes, start, stop, step)(*)

#DIR 0 180 180 0

#XSTO -0.50.50.5 X- coord nucleation point ( -0.5 - 0.5) (along strike)
#YSTO -050505 Y - coord nucleation point ( -0.5 - 0.5) (along dip)
#XSZ0 5101 X - Size (km along strike) (flag - 1=auto)

#YSZ0 3101 Y - Size (km along dip) (flag - 1=auto)

#MAC 0 0.70.90.1  Mach number for rupture velocity computation

#RND O 1 1201 Random seed for source time function gen. (0=Fix, 1=Variate)

#RRR 010 # if 1 set to initial and also for loop (000=Slip,Rup.Vel, Time Hist) 171,172,173
frame 95 100 2 6

COM rad tra rzz sns sew res

ALL d v adga

Listing 5.2 Updated version parametric test, rich of high flexibility features for user

We developed new updated version of the parametric test routine which involves the new

features and advantages e.g. the flexdonfiguration file and the polar plot, integrated with an
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extended source. The new proposed routine is more flexible (user-friemaigl)ting and adding
some notes relative to a relatively rigid format now in use (seengisti2). The main motivation
for updating the existing parametric test routiseto easily handle the spectral structural
information from the regional polygon (i.eumg.por ). Moreover,it is capable of addressing the
extended source, biitwill not be discussed in this thesis becauseed abetter understanding of
the extended source mechanism and the related parameters, those @owhidie developed ia

future study.

There are two ways for executing this updated parametric test routtheutvand/or witha
passing parameter. Withoafassing parameter, the test routine will read the default configuration
file eparatest.par , and witha passing parameter, thereagossibility the test routine reads
another filename, e.g.:

readpar2.exe

readpar2.exe paratest2.par

Executing the command will generate several configuration files needde lmgadal summation
procedure, plotting procedure, and schyatr2job.sh to run all the commands sequentially.

There are possible 3 categories input styles for each line:

(1) sequential header input style: the number or text given in order per liresisstyu

takl Test label (root for output filenames - 13 chars max) (*)

0 Ref. box for values not listed below (0=no, 13 chars max)

2 Motion (1=displ, 2=vel, 3=acc) (*)

50 Time length for plot seismograms (s)(*)

1 Source (1=point, 2=fix dir, 3=auto dir, 4=ext true)

96.665 4.645 Epicentral coordinates (Lon, Lat, Degrees)(*)

0./Gusev/ Path to scaling curves (0=call pulsyn)(*)

gbilpx Name of file(s) for scaling (for source type 2)

../ita001.src Reference .src file (O=auto) (not used for pre - computed scaling curves)
the line ------- or beginning with # will be ignored .

(2) tag identification input style: in which a number or text can be used sose variables or
features depending on our choice. For example, to adplyp in an epicenter distand¢eDI| 1 2

70 2 , alsoit is possible to sedt constant distanceDI 50 . The example with the text inputAd.L
dvadga andSPX "s/shtf "

(3) extension filename input style: in which we need only to insert #wafihe, and the parameters
will be defined by their extension (not depending atine). The filename should follow the

convention, for examplesumg.por .

The existing parametric test has maximum two loops per run to ysi@ihy change the
variables being used. The null loop will only genemsynthetic seismogram, the single loop will
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produce result witha single arbitrary variable, for example, that of in Figure 5.6, in which the

looping is applied for the epicenter distance EDI. The double loop will protteceesults for 2

arbitrary variables such as those shown in Figure 5.3 EDI and STR. Additionalligufresghows

the advantages of the modal summation for calculating the strong ground moticim cotilid take

into account the angular radiation pattern. Figure 5.5 shows the capability ofaustgipnal
structural polygon, which could produce PGA watimore realistic pattern based on the structural
condition being in use. Figure 5.4 (right) and (left) show that the adoption of diffewesft
frequencies is not affecting the radiation patternidatfecing the maximum value of PGA.
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Figure 5.3 Angular radiation pattern generated with change of variable SRE and EDI with t

structural model s/shtf0006.sp?
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Figure 5.4 Angular distribution pattern for PGA at 1hz cutoff reaghlues above 10. cni/deft)
and at 10hz cutoff the PGA reaches values abover8is” (right)
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Figure 5.5 shows the parametric testdaingle loop in EDI (an epicenter distance). There
is no difference ilPPGD estimated witha different cutoff frequency i.e. 1Hz and 10Hz , as it is
natural since, as a rule, the displacement peaks at periods larger thanflequency below 1hz).
The PGV is different (about by a factor of 2) when using 1Hz and 10Hz maxfi@que contrast,
the PGA showsa significant difference between 1Hz and 10Hz based run, about a factoA®&5.
consequence, theris a clear limitation in the use of modal summation technique for earthgjuake
with the epicentral distanc&Dl) less tlan the source deptlSDE) especially for estimating the
PGA. Therefore, for the future development, the modal summation method should lhaecbm
with another method, such as DWN (Discrete Wave Number) (Pavlov 2002, 2009, Magrin, 2013).
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5.3 Validation to the Takengon Earthquake 2013 M6.1

One of the recent destructive earthquakes originated at the Sumatrsy&seifhwas on 2
July 2013, where the earthquakas withmagnitude 6.1. The earthquake struck near Takengon, the
capital city of the Central Aceh Regency in North Sumatra. This evergdsigsificant casualties
and damage of the property. At least 42 people were killed, 2,500 injured, 6 m&3ja3g9
displaced, and 20,401 buildings destroyed in the Bener Meriah-Central Aceh arearsonevas
killed by a landslide in Bener Meriah. Several landslides damaged roadsg afttan access to 9
villages. The earthquake wadtfwith the Intensity Modified Mercalli Intensity Scale (MMI [\)
Banda Aceh, Lhokseumawe, and Takengon,, with (MMI iH) Medan, with (MMI IIl) in
Georgetown and Gelugor (Malaysia) including Ayer Itam, Balakong, Butterworth, Petajiag J
Sungai Ara, and Tanjong Bunga, andPhuket (Thailand) as reported by USGS (USGS 2013).
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around the epicenter of the Mw 6.1 earthquake of July 2, 2013.
http://www.earthobservatory.sg/news/magnitude-61-earthquake-hits-northern-sumatra

Tale 5.1 Information from USGS about Takengon Earthquake

Focal Mechanism
Origin
NodalPlane 1 NedylPlane 2
Catabg  Mag Time Depth  Status Lecation Ciios.  Jechambin stars s Satr Db Feee S
< L5 Al !T.'Jf.'::; 132 REVIPNFD SRS N O AASF &

Y P9 213 EIT0N 14T A (3
The following earthquake parameters obtained by USGS will be used to carry out the parametric

test

#2013 -07-02T07:37:02.61 6.1 Mw 4.645 96.665 13.0 Northern Sumatra, Indonesia
SUT 96.665 4.645 13.0 31580170 6.1 Takengon

The resukkd map is computed using 0.1x0.1 degree grid space
CEL 0.1 # for generate PGV and PGA map
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USGS provides detailed information about the Takengon of 2 July 2013 M=6.1 earthquake,
and the shake maps available as well and can be obtained from tW8GS website at
http://earthquake.usgs.gov/earthquakes/shakemap/global/shake/b000i4re. The shake map provide
information about the PGV and PGA (Figure 5.7-top-lefd mumeric digital format which allows

for comparison with the obtained results from the updated version of the parametric test.
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Figure 5.7. (top-left) PGA from USGA shake map (top-right) DGA at 1hz cutoff calculation
(bottom-left) PGA at 1hz cutoff calculation (top-right) PGA at 10hz cutoff catmulati
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Figure 5.8. (left) Difference: DGA 1hz cutoff B USGS PGA (g);
(right) Difference: PGA 10hz cutoff B USGS PGA (g)

The values given in the shake map from USGS have a quite uniform angtriautios,

that cancels any source mechanism effect, whereas the modal ttumhss the advantage to
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produce an angular distribution of the radiation pattern that preserves the sigriatueefocal
mechamsm. The DGA at 1hz and the PGA at 10kzsimilarto the PGA in the shake map, and
Figure 5.8 shows the differe@ The R5A computed at 10Hz cutoff frequency reaches a value
larger than the one from the shake map and shaved| defined radiation pattern.

The PGV from the USGS shake map is shown in Figure 5.9 (top-left) andaalsw specific
angular distribution regarding the focal mechanism. The PGV produced by 10Hz and 1Hz
computations are shown in Figure 5.9 (top-right) and figure 5.9 (bottom-left). The difference
between thé GV estimated by the modal summation technique and the PGV obtained @&
shakemapis shown in Figure 5.10. The PGV at 1Hz computaisdower than the PGV from the

shake map, whereas the estima@&l based on 10 Hz computation shows a greater value.
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s Figure 5.9 PGV for Takengon earthquake M€

i I ..
«" . . (top-left) PGV from USGA shake map
(top-right) PGA at 10hz calculation
(bottom-left) PGA at 1hz calculation
| |

Figure 5.10 (left) Difference: PGV 1hz B USGS PGV (cm/s)
(right) Difference: PGV 10hz b USGS PGV
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The difference between tHeGV and PGA values estimated by the modal summation
technique and obtained by the USGS shaking map is clearly illustrateduire$-5.8 and 5.10.
Figures 5.11 and 5.12 show the comparative strong ground acceleration obtained by severa
methods. Figure 5.11a shows the PGV at 1Hz generally has the value lowéretRgB\V from
USGS because the 1Hz calculation might underestimate@\evalue as shown in Figure 5.11b
compared with thé’GV with 10Hz computation. ThGV computed at the cutoff frequency of
10Hz and the PGV from USGS will hawemall difference with large scattering as shown in
Figure 5.11c.

Figure 5.12 illustrates the differenicethe PGA from USG&t the 1Hz and 10Hz computations,
and the DGA from the 1hz computation. TP@A at 1Hz computation obviously gives lower value
than the PGA fronUSGSat 10Hz computation does. The DGA comgmmvellwith that of from
the USGS shake map (Figure 5.12c) and remains lower in value thaRQhAeat 10Hz
computation. Finally, thd?GA estimated at 10Hz computatias strondy influenced by the
structural model being usecheanwhile the value is quite comparable to the PGA fromUB&S

shake map as inferred from Figure 5.12e.
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Figure 5.12: This figure shows the comparati
strong ground acceleration from several
methods. The color bar indicates the distance
from epicenter in km.

(a) PGA for 1hz maximum frequency extreme
lower than that of USGS data

(b) Using the DGA method to estimate the
expected PGA

(c) DGA getting from 1hz calculation is a bettt
approach to meet the USGS PGA

(d) PGA calculateat 10hz significantly greater
than PGA calculatedt 1hz

(e) PGAat 10hz has the best approach to the
USGS PGA with huge scattered relationship
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5.4 Validation of the computations of the Takengon Earthquake 2013 M6.1
with the observed intensity.

The macroseismic intensity estimation can be done for the areas tivaeseismic stations are
not available so far. The macroseismic intensity has traditionally umsshworldwide as a method
for quantifying the shaking pattern and the extent of damage for earthquakes. Befadvent of
the modern instrumental seismometer, it nonetheless provides a usefulomeescribing the
complexity of ground motion. The importance of macroseismic intensity datkedhds several
variants of the original, XII degrees, Mercalli scalgcg). So far the most popular angsk ~ lems-o2
~ lum ~ (5/6) Mcs.

The presence and evaluation of the intensity data represent a very sigsiicaf data needed
to carry out accurate seismic analysis, in the seismic sourcediadioin and validation of the
resultant seismic hazard maps. Seismic intensities will contombe of value for the earthquake
analysis (Wald, 1999). Seismic intensity can cover the area near the soarceasthquake and it
can be compared with the peak values of the synthetic strong ground motion amerisigyitaken
from a field survey.

In the case of the destructive Takengon earthquake on 2 July 2013, severalonslletti
intensity data are available. When the earthquake happened, Prof. Takeont@dbeeee standing
at SGMT (Singah Mata) for a GPS observation. We felt a medium shitkehe intensity IV
MMI. The second set of intensity data is provided by the USGS websiteth@rmstrumental
intensity BKNI, GSI, LHMI, PSI, and 3 manual observations, the data of whichcoaer a
distance site. The last intensity data are obtained from Ibnu Rusdy (2016) and aivobiel29
intensity data points, concentrated at the near source sites observed by (Jusiiarsity of Syiah
Kuala), see Figure 5.13. We choose intensity scale in MMI to be consisterdll data given by
USGS and Unsyiah team. A selection of destructed buildings during the 20%Riake is shown
in Figure 5.14, and the considered data are shown in Table 5.2.

The survey was conducted by means of interviews with the local communitg, rhajor
damage can be observed. A field investigation was simultaneously perforeieetkothe damage
levels at the buildings around the affected area. The classificatitve duildings adopted is what
has been proposed by Richter (1958) and Musson et al. (2002). Based on the survey, it was foun
that the highest intensity reached 1X MM around Ketol village while VI Bifi¢cted the buildings
located about 7-8 km from the central destructed building (Rusydy et al., 2015). Muostsoivey
by Unsyiah team follow the main road and the only focus for the near fitldawadius less than
30km and only two the site with the distance 52km and 82km. Whereas, the s&srestfrom
USGS 70km at LHMI and 682km at BKMI. The position of the SGMT team wherdhiaquake
happened is about 34km from the epicenter.
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Figure 5.13. Distribution of sites survey for intensity overlay on the road for wide(lafe anc

for focus area for near field (right)

SD 3 Ketol, IX MMI, (4i41'5.84" N, 96i44'14.61"E)its label: 461

Unsyiah VII MMI, site label unsyia

Mesjid Kute Panang, IX MMI, (4i41'20.91"N, 96i47'16"&),
site label 438

Private Home, VIII MMI,
site lakel: 457

Figure 5.14 Selected destructive building (Dirhamsyah et. al 2013, Rusydy et. al 201!
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Table 5.2 Selected seismic intensity sites (I in MMI ). Intensity values are expressedyttyphere
with the definition of any macroseismic scale by ordinal numbers, rounding off, when necessary,
cardinal values not consistent with the rule.

dist PGA (gal) PGV (cm/s)
No Long. Lat. | label

(km)| UsGS| 1Hz | DGA | 10Hz | USGS| 1Hz | 10Hz |  collector
1 | 96.7878 | 4.6891|  IX 438 | 14 | 234.50| 17.24| 31.56 194.80 18.26 4.48 7.35| Unsyiah
2 | 96.7754 | 4.6901|  IX 443 | 13 | 266.33| 18.36| 33.51 | 170.20| 21.01 467 6.0l | Unsyiah
3 | 96.7739 | 4.6935|  IX 444 | 13 | 266.67| 19.16 | 35.26  178.10| 21.04 4.88 6.25| Unsyiah
4 | 96,7789 | 4.6781|  IX 446 | 13 | 248.62| 15.45  26.88| 137.20 18.79| 3.95 | 5.06 |  Unsyiah
5 | 96.7359 | 4.6846|  IX 460 | 9 |344.67 17.22| 33.91| 93.09 | 28.60| 4.36 | 5.19 | Unsyiah
6 | 96.7374 | 4.6850|  IX 461 | 9 |331.78| 17.42| 34.01| 94.96 | 27.26 437 517 | Unsyiah
7 | 96.7227 | 4.7231| VI 454 | 11 | 345.76| 22.46 | 43.55 143.30  28.73 564 6.07 | Unsyiah
8 | 96.7161 | 4.7252 VIl 456 | 11 | 354.38| 21.75| 42.83 | 133.70| 29.64 550 578 | Unsyiah
9 | 96.7161 4.7193 VIl 457 | 10 | 358.53| 21.18| 42.72 | 123.90| 30.11 529 585 | Unsyiah
10 | 96.7117 | 5.116 | V 527 | 52 | 5219 | 1.27 | 3.02 | 6.94 | 4.60 | 0.37 | 0.60 | Unsyiah
11 | 96.2438 | 5.2354| IV 528 | 80 | 27.63 | 5.39 | 1542| 3391 | 2.57 | 1.44 | 361 | Unsyiah
12 | 96.7495 | 47616 VIl | unsyia| 16 | 268.45 24.47| 46.81| 332.90 21.19 | 6.63  13.35| Unsyiah
13 | 101.0396| 0.3262| 1.5 |BKNI |682| - | 067 | 243 | 084 | - | 0.25| 0.28 | instrument
14 | 975755 | 1.3039| 18 | GSI | 383| - | 039 | 1.46 | 117 | - | 0.14| 0.17 | instrument
15 | 96.9472 | 52288 IV |LHMI | 72 | 30.27 | 471 | 7.97 | 31.19 | 2.43 | 1.25| 2.62 | instrument
16 | 98.9237 | 2.6938| 1.7 PSI |331| - | 173 | 597 | 452 | - | 059 | 0.89 | instrument
17 | 1005 | 5.48 29 | TOO1|435| - | 039 252 | 056 | - | 015 0.15 USGS
18 | 10031 | 5.37 27 | T002|412| - | 040 | 2.65| 086 | - | 0.4 0.16 USGS
19 | 9867 | 3.59 32 | T003 | 251 10.14 | 1.32 | 4.36 | 3.95 | 0.85 | 0.48 | 0.64 USGS
20 | 965136 | 4.3758| IV | SGMT| 34 | 54.98 | 13.39| 24.74| 151.10| 4.04 | 351 | 558 author

However, most of the data distribute in the near field and only a feheifar field. We
tried to investigate the correlation between the MM intensity with RGm USGS shakemap and
the intensity against PGA and DGA from 1Hz and 10Hz cutoff frequency congoutas shown in
Figure 5.15, and the correlation between the intensity with PGV from USG&8nsap and PGA
from 1Hz and 10Hz cutoff simulation as shown in Figure 5.16. In both pictures tA&28%
range (the pink vertical segment) is supplied for the ground motion for Modified IMerca
intensities given by Wald et al. (1999), see Table 5.3. There is no fundameasiah to expect a
simple relationship between the PGA and the PGV with Intensity; howéskowing the
pioneering work of Cancani (1904) a simple empirical approach with the power lawemjateon
is adequate for the range from V to VIII, as determined by Wald et al. (1999):

Lw = 3.66log,,(PGA) — 166

Do = 3ATlog)o(PGV) + 2.35

(5.9)

with a unit for PGA(cm/A) and PGV(cm/s). We transformed those equations to follow the plotting
green line in Figures 5.15 and 5.16, the equations become
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PGA = 10™F0

: Sae 5.10
POV 10 (-10)

Because the PGA in computation (Table 5.2) uses a unit gaP)chus we preferred to present it
in a unit %g to be more clear, we thus need to multiply it by a factorOd811to make it PGA
(%g)=PGA (gal)/9.81 as shown in Figure 5.15.

Table 5.3 Range for ground motion for Modified Mercalli intensities (Wald et al., 1999)
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Figure 5.15. Correlation PGA (from USGS, 1Hz, DGA, and 10Hz) with Intensity survey, F
range for MM (pink lines) and relationship from (Wald et al., 1999) (green line)
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Figure 5.16. Correlation PGV (from USGS, 1Hz, and 10Hz) with Intensity survey, PGV ran
MM (pink lines) and relationship from (Wald et al., 1999) (green line)
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The PGA from the USGS shakemap are relatively higher in comparisbntiveitother
obtained results. The simulation with 1Hz cutoff gives a lower valu&éf than it does with 10Hz
cutoff, as we could expect. DGA matches the PGA when computed atcL@biz at the far field
sites only. The PGA from the 10Hz cutoff and the USGS shakemapithih the PGA range
obtained from the MM scale for all of the intensity level (in the pgnsents range) except the
VIII and IX intensity levels. The PGA variation from the simulation at 1@Hff is wider in the
variation than the USGS shakemap at the intensity levels VII and VIIIPG#e value from both
(USGS and 10Hz computation) has a good agreement with the range of PG#g stari the
intensity VI; the lower intensities (V or less) have limited data,taedPGA value from USGS is
not always greater than the PGA value obtained from the 10Hz simulatiblough the limited
data for intensity lower than V, the PGA value from 10Hz frequency fatksnathe range of PGA
from MM.

As it is natural from earlier discussion, the PGV values from 1HZ8HKi& simulations are
not too different from those of the observed intensity compared with the P@& fram both
simulations for all intensities. The PGV from the 10Hz simulatidowser than the PGV from the
USGS shakemap as shown in Figure 5.16. The PGV values from the UGSS ab@Hthe
simulation are compared with the PGV values from the MMI range. Thea@gattern from those
PGV values is then compared with the pattern given out by the PGA valnésnaity VII and IX.
The two patterns are relatively similar. Although the PGV value fromu8@S can reach the value
in the range of the intensity VII, the PGV value from the 10Hz simulatoma. Some PGV
values from the 10Hz simulation are in the PGV range of MM at the intensity VI and lower.

The values of PGA and of PGV generated in the simulation are rather tlean the values
of PGA and PGV given in Table 5.3 especially for the higher intensity. Ererseveral factors
affecting those PGA and PGV low values in the simulation. Firstlymibdal summation technique
is valid for the sites at a distance equal 1.5 times the eventdepth. In the case of focal depth
13km, the synthetic PGA and PGV values will underestimate observatiahstaices less than
18km, as shown in Figure 5.5 for the 10Hz cutoff computation. Most of the siteghe intensity
greater than VIII, have the site-source distance lower than 18km as shown in Figurdhe
second factor is the local site condition; most of the sites markbaaybyintensity levels lie on the
soft sediment of the volcanic alluvium, whereas the sites clogetepicenter are located on the
metasediments bedrock. Beside these factors, the intensity values are lahsaglson how to carry
out the survey, this means the expertOs judgment and bias are affectiity @stmstes. Even if
in Figure 5.17, few half-integer values are reported (all number should be ordinal @addnwdl),
it should be kept in mind that the error affecting intensity estimasesiot be smaller than one
intensity unit, on account of the discrete nature of any macroseismicityitecele, that for this
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reason is defined in terms of ordinal numbers.
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5.5 Insights on the Synthetic Seismograms for the Takengon Earthquake.

The seismic hazard assessmeas conducted using NDSHA, which relies on the realistic
physical simulation for the source, propagation, and site conditions thea@able of generating
synthetics seismogranasthe sitesbeing obsergd The use of the 1D modal summation technique
does not take into account the site effect, but it can be appropriateliettaising the 2D and 3D
approaches. Figure 5.18 (right) shows the surface distribution of different geolagikalinits
(sedimentary and basement rocks) in Northern Sumatra. The effect of the uppsediogntary

layers is discussed in Chapter 7.

The Indonesian governmental institution BMKG (Badan Meteorologi, Klimatologi dan
Geofisika) deploys several broadband seismometers and accelerometers tia.Suntiais part of
Indonesia, the Tsunami Early Warning System was designed in 2005 after the #t04iis
Aceh. The data were made available for our reseasdhe courtesy of BMKGnN support of
research institutes and universities throughout Indonesia including Syiah Kua&ditgi Due to
the high tectonic complexity in Aceh, we hope BMKG could deploy more seistaimons
especially in the Takengon area. The information about the location ofoggaphs and the
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seismic network is available at the following link (https://inatew&dpgo.id/new/meta_eq.php).

The detailed descriptions of tlk@smic stations being used in this investigation are shown in Table

5.1, the type A (Accelerometer only), S (Seismometer only), and C (Collocated both)rdvat

the LASI station (Figure 5.23) show that the east-west component of motigasisg in the seed

data; whereas, the TPTI station data show several gaps in the recoaeGaraequently, these

two stations cannot be used for the comparison.
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Figure 5.18: (left) Station location o
available seismogrphs and
accelerometers for the earthquake
Takengon M6.1.

Table 5.1 Seismic stations near Takengon Earthquake sorted by the distaremnlibe stations

and the earthquake epicenter.

No Name Id Dist. (km) | Lat. Long. start | Type |Ground
1 |Meulaboh MLSI 50.874 | 4.267| 96.404 | 2008 Thin sediment
2 |Lhokseumawe LHMI 71.745 | 5.229| 96.947 | 2007 S |tick sediment
3 |Langsa Aceh LASI | 146.341 | 4.457| 97.970 | 2009 | C tick sediment
4 |Sta. Klimatologi Indrapuri Acehr CERI | 157.366 | 5.404| 95.464 | 2010 A |bedrock
5 |Tapaktuan TPTI | 163.203 | 3.262 | 97.177 | 2008 S |bedrock
6 |Sta. Met. Blang Bintang Aceh | CEBI 169.023 | 5.522| 95.416 | 2010 A |Thin sediment
7 |Kutacane KCSI | 174572 | 3.522| 97.772 | 2008 | C |bedrock
8 |Sta. Geofisika Matai Aceh CEMA| 178.607 | 5.496| 95.296 | 2010 A |bedrock
9 Tuntungan TSI | 245944 | 3.501| 98565 | 2005 | C |volcanic
10 |Sinabang SNSI | 250.106 | 2.409| 96.327 | 2008 | A |volcanic
11 |Sta. Klim. Sampali Medan MESA | 254.174 | 3.620| 98.793 | 2009 A |tick sediment
12| Sta. Geofisika Parapat Medan MEPA | 330.579 | 2.695| 98.923 | 2009 | A |volcanic

PSI 330.864 | 2.695| 98.924 | 2009 S |volcanic
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BMKG has used the seismometers with type Trillium-120 (Nanometrics), BBVS-120
(Geodevices), and STS2. In addition, BMKG has also deployed accelerometers T&#dl00
BBAS. Before comparing the computed seismograms with the real recorded seégdaict is

important to know the correct instrumental response for applying the instrumenttioaristd

filtering the data at the adopted threshold of frequency used in the seisraagraputation. First,

we removed the instrument response for the broadband seismometers using #inde axeribs-

poles files in the full seed file format. For the accelerogramsd#te is available only in the

miniseed format, which does not include the instrument response informatidhe @ther hand,

instead of removing the instrument response from the observation data, applyingtiineaent

response to the synthetic data can be an alternative to being comparaitierito get a proper

acceleration value in cm/s/s, it is needed to multiply the accelensgog a given constant (i.e.
KCSI multiply by 0.00000047) as following the standard procedure by BMKG staff (Rudyanto

2015, Happrobo 2015).

The recorded seismograms or accelerograms are plottecawitéty color line while the

synthetic seismograms computed at 10Hz and 1Hz cutoff frequency are plitttepegn and red

lines, respectively.
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Figure 5.20: Accelerogram (left) and Seismogram (right) for KCSI station at dist=174 ki
Kutacane, Aceh. east-west (top), south-north (middle), vertical (bottom)

The KCSI station is located over a thin basin (near the pre-tertiary ba3eMest of the
plots we used in this discussion are limited to a time window of 10@swa focused on the
surface wave part of the waveform, the damaging ones. The waveforms fraotéerogram and
seismograms are more dispersed than the synthetic seismograms becsyrsihéiie seismograms
are computed oa 1D rock structure without considering scattering, site effect, and other factors.
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Figure 5.21: MLSI Accelerometer (left) and Seismometer (right) (near Meulaboh) locatec
dist=50.87km: east-west (top), south-north (middle), vertical (bottom)

The coda duration (wave following the main wave from) is due to the #itet @fhere the
seismogram is recorded. The stations located on thick (deep) sedimemaweila long coda such
as LHMI as shown in Figure 5.21 (left). The seismographs installed on bedrock slsowa long
coda and fits well with the theoretically computed seismograms assinofigure 5.21 (right).
Another site located on the thick sediments is the LASI station (FigadB3, which shows a long
coda wave. Even if this is a far site and because this site iseatmitk sediments, the effect of
polarization and amplification remains strong. On the other hand, the TiShstastalled on the
volcanic sediments, shovashort coda in comparison with both that of the LASI and of_th#I.
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distance=146.3 km from source and located at tick sediment.
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CERI CEBI CEMA

Figure 5.25 The accelerometer clustering near Banda Aceh, CERI (Indrapuri), CEBI (Bl
bintang), and CEMA (Matale), which distance from source 157km, 169km, 178km respec

Around the Banda Aceh city, BMKG depky3 accelerometers atdistance between 15
and 20km as shown in Figure 5.18. The horizontal components of the CEMA accelerogram,
installed on the limestone, is very similar to thos¢hefsynthetic seismogram computed using the
modal summation technique, but the vertical acceleration is not. & diitference, recognized
between the recorded and computed vertical component, may occur due to that fde strike-
slip fault with rake 170 gives less contribution to the vertical velocity.JBBI is installed in the
International airport Sultan Iskandar Muda on a sedimentary layer; thus, érsb®its a strong site
effect. The CERI station shows an intermediate Oamplificationt refitative to both that of the
CEMA and of the CEBI stations.

The MEPA/PSI station is located at 330km distance from the earthqoafaesas shown
in Figure 5.18. Figure 5.26 shows that the observed seismogram and accelerogrdati\aly re
small compared with the theoretical waveform. One possible reason ofish®tch is that the
recorded site is located over the Lake Toba volcanic area, which comaingaterial that has a

strongly damping effect caused by the seismic wave energy.

87



12 emw VIPA IT4Zsza P
- e L 1 a2
v - R - -
1 |
| 'lp ™w (A
2 2 ) SN - winedtab i 12N
" W ¢ ot el
afa |
= |
= 8 - 1 . '
S = w =:z =0 i 4 - o0 Lo 20 43
< - - '
14T PEPR o 1oa s A
rreVivn Floure 55
- A LM - Ll L)

aron
° L
-
-
——

P -
—
—
—

1 3

an

(-]
)
. -

. ; ;
. : i ; %
<z - w =23 120 e = - b . o

T
1N 2.V IPR L P
& LR g R B
e 13 e
o
=z " |
" ‘J, { | g l\‘.u | '

. \ - WAes?

g e : AR e ey o SR KLY LRy

: ST ; g i \N V==

i RAR
s - - zem
e > "‘ ;’ oo ':’» l';o 43
4z - o0 Lo =0 e s

Figure 5.26 Accelerogram MEPA (left) and Seismometer PSI (right) which located at Tob:
which in the center of volcanic area and the most distance source 330km
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Figure 5.27 The accelerogram from SNSI (left) in Simeulue Island acceleorgram from MES
Medan city with distance almost same 250km and 254km respectively.
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Figure 5.27 shows the comparison between two site stations (i.e. SNSI &84) ME
relatively the same distance from the earthquake (i.e. 250km and 254km, respesithetwo
different ray path structusewith and without the oceanic path. The accelerogram from the SNSI
(Figure 5.27-left), located on Simeulue Island, shows a very strong dispersiorceffgered with
that of the accelerogram from MESA (figure 5.27-right), located on the sedmndatsin of the
Medan city. This is an interesting topic for the future to verify the strospgedsion from Simeulue
Island to investigate the oceanic-continental coupling structural interfanezgPet al., 2010,
Bisignano, 2003, Yanovskaya, 2000). From Figure 5.27-right, it is possible to see a #mft in
arrival time and large dispersion in the accelerogram from the MESArsttte long coda is due
to the scatter of the sedimentary layer.

The computed synthetic seismograms are significantly dependent on the acmodacy
amount of details in the structural model being used partiguiar the high frequency simulation,
and it is difficult to get a good consistency between the observed and conspigetbgrams
because a lot of factors may affect the seismic waves during phepagation. Therefore,
comparing the observed and theoretical waveforma latw frequency might produca more
agreement in the patterns of the waveforms. We performed low pass filteritige observed
waveforms and the synthetic seismograms by using the SAC routine. Figures 5.28, 5290and
show the expected good consistency between the synthetic and observed seismograms.

3 T T T T T T T
30 [ PRI TS o) e IZasn Xl

i s Xis ] \ o rpanish
e - ' '. L e - e N 4 . " L R -

”~
[ ¢ [P s F Mt - o 4
R | T elre
-2 -2
1" - 4 L
' [ [ 33 \ '
[ ~ n ¢ n b " ~ " 4 N
i T : T
" L LeoXI " 2unXid
) or sl i ML B
» e - 3 T - © e - 1M M -
r _© — - \ - ¢ e ) ar
v g g 5oLl 3
=21 2 '
1" - 4 L
L} ' | 332 1 ]
n ~ L ¢ n 0] 0 M " ‘ N
1 - Eh T T T T
Ll Xin SR XiN
ire S T ire sl
» <IN W= ° .
r o -_ A g o
4 ’ '
b | \ ' ) b | ] ] ] ]
N N o [ ¢4 n i ] N ~ N [{ LM N

Figure 5.28 Low pass filter accelerogram and seismogram from station KCSI
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Figure 5.30 Low pass filter accelerogram station CERI (left) and CEMA (right)
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5.6 Analysis of response spectra for the Takengon Earthquake

In section 5.5 we presented insights on the comparison between the symghels and
observed seismograms and accelerograms of the Takengon Earthquake in the aaime Iddims
section, we investigate the response spectra of the observed and computed HignResponse
Spectral of Acceleration (RSA) and Response Spectral of Velocity (RS\sanal very useful for
practical engineering purposes.

The use, in the synthetic computations, of the point source approximation giviéh us
minimal number of free parameters by properly weighting the point source specingnthes
scaling laws of Gusev (1983), as reported in Aki (1987), shown in Figure 5.26. We have chosen
these curves for several reasons: as comparéd “t@pectra (e.g., Joyner, 1984: Houston and
Kanamori, 1986) Gusev curves, that are based on a solid statistical amalijreesrange from 2s to
0.1s are more conservative for the worst possible scenario; they give ofteoritbet corner
frequency in order to fit with the synthetic seismograms the observed waegli{e.g. Vaccari,
1995). Less stringent scaling laws can obviously be easily adopted. Thigughaapproximation
of the physical source process when a large earthquake is considered Inula¢i@a of synthetic
seismograms at distances of the same order of the fault dimensionsynthetic time series are
presented only in order to show the spatial variability in the GreenOs fuscmasio when the
azimuthal dependence and the effect of the lateral variations areitééeccount (Romanelli and
Vaccari, 1999).
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Figure 5.31. Source spectra suggested

134t o o Gusev (1983), as reported in Aki (1987),

1000 100 10 3 o1 earthquakes with the range of seismic morr
period (s) Mo, from 10° to 167 Nm..
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Figure 5.32: Response Spectra for Acceleration (RSA) (left) and Response Spectra for Vel
(RSV) (right) for KCSI station at dist=174 km. Components: east-west (top), south-north (nr
vertical (bottom)

The figures 5.32 to 5.36 show the response spectra as a relation betwaand@@Athmic
scale and frequency in linear domain. Each figure contains the response fgpelita and 10Hz
cutoff frequency simulations in red and magenta colored lines, respectivelgyentaid with the
spectra from observed data in gray line color. For the analysis of the signated SAC software
(Goldstein 2005) as shown in listing 5.3.

The figure 5.32 shows the response spectra of horizontal component of 2013 earthquake
recorded in KCSI station, which reveal a good consistence with the responsthéa@ynthetic
seismogram at the same site of the station for both RSA and RSV.ofieéation between the
response spectra from the vertical component reveals that, the observemyiseishas a higher

response spectrum than the vertical of the synthetic seismogram.
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plt2sac.sh thts610008f1.sew.KCSI.plt
0.29297E - 01
thts610008f1.sew.KCSl.plt.sac

SAC> r thts610008f1.sew.KCSl.plt.sac
SAC>p

SAC> r thts610008f1.sew.KCSl.plt.sac
SAC> fft
DC level after DFT is 5.7314e
SAC> keepam
SAC> xlim 0 10
SAC>p

- 06

Listing 5.3 SAC command to process the synthetics seismogram to spectifueguancie:
domain; the same procedure apply to observation seismogram or accelerogramenadteng

instrument response.
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Figure 5.33: Response Spectral Acceleration (RSA) (left) and Response Spectral Velocity
(right) for MLSI station at dist=50 km. Components: east-west (top), south-north (middle), \

(bottom)
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Figure 5.34: Response Spectral Acceleration (RSA) (left) and Response Spectral Velocity
(right) for TSI station at dist=146 km. Components: east-west (top), south-north (middle), v
(bottom)

The near receiver, MLSI, as shown in figure 5.33, has relatively flat observagspanse
spectra compared with other stations and the synthetic seismogram regmmtise reearly follow
the observation response spectra. Response spectra for far field TSI asrsligurei5.34 has
fairly similar pattern with respond spectral for KCSI sites. Figure 5.35 stimuwesponse of RSA
station near Banda Aceh which is almost at the same distancehieogource and shows similar
patterns. Figure 5.36 shown the SNSI site, over oceanic layer, has relatively diffeyrent
between observational and synthetic spectral respond at the high frequency bigpharecwith
site MESA. Generally, the response spectral from synthetic signalgymod agreement with the

response spectra from available observations.
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CERI CEBI CEMA
Figure 5.35 Respose Spectra Accelerogram (RSA) near Banda Aceh, CERI (Indrapuri),
(Blang bintang), and CEMA (Matale), dist=157km, 169km, 178km, respectively.
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Figure 5.36 RSA for SNSI (left) in Simeulue Island and MESA in Medan city at simila
epicentral distance, 250km and 254km, respectively.
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6. Regional Scale NDSHA for Sumatra

6.1. The Neo-Deterministic seismic Hazard Assessment at Regional scale

The NDSHA is based on the modeling techniques developed from the knowletlge of
seismic source process and from the propagation obeisnicwaves, which can realistically
simulate the ground motion due to an earthquake by means of the synthetapssmss(Panza et
al., 2001). At the regional scale, a set of sources is defined in tbaitadly active areas of the
considered region (thesdtonic setting and seismotectonic sources for the Sumatra region are
discussed in details in Chapter 2 and 3). Once the physical properties axfetge structural
models have been defined (the structural models given for the Sumatra negidiscaissed in
Chapter 4). The synthetic signals are computed for the upper frequency conteft,cdrid the
scaled point-source approximation (Gusev, 1983) is still acceptable. The wave poopagat
efficiently modeled with the modal summation technique (Floes@i, 1991; Panza, 1985) and the
broadband synthetic seismograms are generated at the free surface on a predefined grid of the poir
covering the study region (Panza et al., 2012).

In the case where a sourcebsite path crosses one or more boundaries betsteectural
models, the site structural model is used along the entire path sinstatiba records are usually
more sensitive to the local structural conditions as shown by Panza(20@l) for the P8V
waves. The horizontal components at each site are first rotated irfevence system common to
the whole territory (NDS and EPW directions) and then the vector sum istedlclilee largest
amplitude resulting signal, due to any of the surrounding sources, is selectessanidtad with
that particular site. Among the representative parameters of the strong groimm metfocus on
the maximum ground acceleration, velocity, and displacement (PGA, PGV, &)dP&vez et al.
2003). In addition, with respect to Panza et al. (2001), the vertical componentiaf et been
generated as well, and the vertical peak values are mapped separatédlyefiomak values of the
horizontal component as shown in Figure 6.1.1, defined by the vector sum of the radial a
transverse components obtained at each site (Panza et al. 2012).

At each site, the horizontal components (PPSV radial and SH transverdedtisynt
seismograms are first computed for a seismic moment 6NLh and then scaled to the magnitude
of the earthquake using the momentbmagnitude relation of Kanamori (1977). Thesindettee
source is accounted by scaling the spectrum using the spectral scalipgolaeged by Gusev
(1983) as reported by Aki (1987). For the period between 1 and 2 s, the Gusev spéciifal fal
produces higher spectral values than those in"tifespectral fall-off, and thus guarantees a
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conservative hazard computation (Vaccari, 1995).

For acceleration, the deterministic modeling can be extended to the fregugmater than
1 Hz by using the existing standard design response spectra (Panza et al., 1996&ighhgrdend
acceleration values are obtained by scaling the chosen normalized designeregsmtsim (the
normalized elastic acceleration spectra of the ground motion for 5 percesal ct&mping) with
the response spectrum computed at the frequencies beldmy The design ground acceleration
(DGA) is obtained through extrapolation using the standard code response spectriagatmwy
procedure described by Panza et al. (1996)
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Figure 6.1.1 Flow chart of the standard NDSHA procedure for regional scale with original \
source definition (OS) in red box and original paths generator (OP) in blue box

Finally, in the computation of the DGA map, at each site the syatfeponse spectrum
has been generated for the signals coming from all the sources locdtiedtigtimposed distance
threshold, and the maximum DGA value is mapped, rather than using the shadofetlan Panza
et al. (2001), where the DGA at each site was computed only for the syratbetierogram with
the largest amplitude. The modeling has been made with the program packaugir{akversion).
The speed optimization 1 has made possible to extend to 150 km for aletite the maximum

length considered for the site-source paths (Panza et al., 2012).

97



The site-source paths and the other input parameter for modeling the tiomg taa are
shown in side red box Figure 6.1. The path generator terminology will be used ifjeastvavill
be discussed in this chapter. Due to the limitation in the paths genleeatgrused, we suggest
several improvements and updates that might be used in the updated new vetb®rpaths
generators. The main aim of the update is to optimize the computaiimeabihd to apply the
flexibility configuration files. The main suggested modification in N2SHwo paths source
definition) is suitable for the Sumatra region due to the structural armhieaomplexities as
shown in Figure 6.1.2.

Earthquakes Source Definition Results/Map
stages stages stages
2lay - —— JI'R:,CJ - -~
_ oS opP = 0S-0P
b= . N ) Standard NDSHA
c® Standard Version Original Version
ity Source Definition - Paths Generator | ES-OP
=1 . - / . / Source Enhanced
L
Bg ' N \ r~ ~
2% ES o uP g 0S-UP
0’% Enhanced Version Updated Version Testing Path Generator
n Source Definition Paths Generator
—Hoe- ES-UP

Enhanced NDSHA

Figure 6.1.2 The flow chart shows the suggested improvements and the comparison to te
performance with NDSHA for Sumatra.

First, we will discuss the procedure that is in use in the standag&H®procedure package
i.e. the standard source definition and the paths generator (OS-OP, Original @dunmcen and
Original Paths generator), see the brown line flow in Figure 6.2. The enhanced defurten
procedure, see Chapter 3, will apply to the original path generator ES-OP (Enhancesl Sourc
Definition and Original Path generators), see Figure 6.2. The suggested modsieat not only
in the source definition but also in the path generator; and the final sthie enhanced
procedures (E®&P Enhanced Source Definition and Updated Paths generators) is shown in Figure
6.2. In order to test the validation of the updated paths generators (U heitter to make a
comparison between (OP) and (OS-UP), see Figure 6.2.

6.2. The Performance of Standard Version of NDSHA in Sumatra (OS-OP)

The standard version of the NDSHA approach idgional scale (Figure 6.1) is illustrated
in details by Panza et al. (2001) and in the internal manual in GNDTnlleistic Seismic Zoning
Reference Guide (Magrin and Vaccari, 2014). By applying the NDSHA at a regeate) we

have to carry out what is called "a default run". The default paranagteeglopted according to the
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experience accumulated in running the job for Italy and several other countriesigAkeria,
Bulgaria, Croatia, Cuba, Ethiopia, Hungary, Romania, Slovenia). In order to have the homogeneity
in the hazard maps for the neighboring Italian countries, they use the defaulhramefault run,
the parameter file.far) needed by each program is prepared by some other program done
earlier in the sequence.

In the standard package, the preparation of the input data is relativelyyaiasigq we only
have to prepare the parameter files mentioned in the first input filecheells.par. The parameter
files for a default run have the name of the program that read themnagtttension .par instead of
.out (efft.out looks for the filefft.par , esne.out for sne.par and so on). In the standard
version, it is preferred to use the default parameters rather than théechodié. Using the default
parameter will be good for the same treatment of the hazard result. Hpuwegeme complex
casedike Sumatra, there is a need to control these parameters by using titkdregsis user to
handle and accommodate the existing complexity.

To perform the parametric study where the user cannot use the defaulttpesathe user
can run the programs with the non-default parameters. There are two ways suiggesteorm the
non-default run.We can run a program one at a time, edit the default parameterrfdeatgd for
the next program, and finally run the next program after editing. Or you may wish to paegetre
of parameter files in advance, one for each program, and modify the hazard jubd default
parameter files generated automatically are immediately overwritten by the usergfépsre

ecells.out

mv - f nondefaultsmooth.par smooth.par
smooth.out

mv - f nondefaultinscat.par inscat.par
einscat.out

Listing 6.1 The way of user control for each step in standard packaged.

The program ecells.out will generate a default parameter file f@rdgeam calledmooth but that

file will be immediately overwritten by the user-prepared file. Theesawill happen between
esmoothandeinscat and the same method we can apply for the others stages (Magrin and Vaccari
2014).

Performing the standard NDSHA for Sumatra requires the preparation of inputedatse
selected earthquake events, seismogenic zones, and structural models thery aslop
parameters in the parameters file namnmeakehaz.par . To perform the NDSHA using the
improvements, the same starting point will be used as show in Figure 62aliV® use the same

selected earthquake catalog procedure as that of the eqc4dseleted.exge paukathe same
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seismogenic zones (*.pos and *.fps) as discussed in Chapter 2. All of the enpraesllire in the
flowchart will use the same structural model (*.stp and *.por) as discuss€tiapter 4. In the
makehaz.par, we used the default given value as an example.

The entire procedure from the smoothing source definition, paths generators, synthetic
seismogram, and extraction of the significant parameters using the origisianvef NDSHA for
the regional scale are used. Also, we will compute the hazard avoheaximum frequencies
cutoff, IHz and 1®z. Firstly, we run the standard NDSHA &iiAfor Sumatra. Secondlyye plot
the peak ground displacement (PGD) and peak ground velocity (PGV) as shown in Figures 6.2.1,
6.2.2,6.2.3,6.2.4, 6.2.5.
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Figure 6.2.1 PGD (left) and PGV (right) produced by standard hazard proced@P OS-

104 105

Computing the synthetic seismograms diZlasthe maximum frequencies will give the
results that are relatively little dependent on the structural modelsduseverely underestimate
PGA, see Figure 6.2.2 (left). Therefore, we should estimate the appropriatespgstkal value
from the synthetic seismograms based on the acceleration responseapkeasig the procedure
developed by Panza, el.(1999) as shown in Figure 6.2.2 (right). In order to get the realistic PGA,
we make a run at the frequencies cuto#fizOsee Figure 6.2.3 (left) and the comparison with DGA
1Hz in Figure 6.2.3 (right). For the PGD and PGV results, we could expect from tretital
considerations and from the results reported by Panza el al. (2012), there is difiebggce
between adopting H¥ and 1Hz asthe maximum frequency. The DGA value for the near source
zone will give the value lower than that ofRIGA, and the reversed condition will happen at the far
source zone. The spectral curvedifor the DGA calculation is from Eurocode, and in futwre,
need to apply a more appropriate spectral curve to calculate the DGA for Sumatra.
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Figure 6.2.4 Difference betweerHi and 1Mz computation. The picture shows the
different degree of sensitivity to the structural models dfiZl6omputation (quite sensitive) and

1Hz (little sensitive).
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Figure 6.2.5 Vertical component produced by standard NDSHA approbz¥dilOPGD (left)
and PDV (right)

The dominant periods maps show that, the dominant period in PGD (Figure 6.2af)ljs m
uniform with a high value meaning that the far field sources is the main contributor twdhaz
expressed in the PGD. The map of the dominant period in PGV showsvidua¢stin a wide range
at different sites; this could be the effect of both the far &eldi near field sourcés hazard as well
as that of the structural models beneath the sites. The PGA (Figure 6t?.pdaeks at short
periods; this fact is more evident if we plot the frequencies as done in Figure 6.2.7 (right)
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Figure 6.2.7 shows the dominant frequency in PGA aHZ0the dominant frequency is
relatively higher at the eastern part of 8ugnatra region due to the proximity atarge magnitude
earthquake from the subduction sources, while at the western part the frequesiatively lower
thanin the eastern part due to the relatively large distance from the large magnitude earthquake.

Figure 6.2.8 and 6.2.9 show tkeismicsources that contribute to the maximum ground
motion parameters at different sites and different components. The RE&GBGA values of the
horizontal component in Figure 6.2.8 show that the main contributor of the hazardlasetaé

Sumatra strike slip. Most of the source contributing to PGA is the redrsource compared to
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those to PGD. This picturevell shows the effect of the attenuation of acceleratioa high
frequency. The main source of hazard that contribistthe maximum PGD at vertical component

all over the sitess shown in Figure 6.2.9 (left), whiclis in the subduction zone, meanwhile, the

dominant source for the estimat&®GV at avertical component is the nesgismiczones as shown
in Figure 6.2.9 (right).

a5 ag 100" 102 104° 105" o a 100" 102 104° 105"

Source of PGD: OS-OP Hz Source of PGA: OS-OP Hx

Figure 6.2.8 Plot of sources controlling PGD (left) and PGA (right) for the horizontal comp
of earthquake ground motion.
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Figure 6.2.9 Plot of sources controlling PGD (left) and PGA (right) for vertical componen
earthquake ground motion.
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6.3. Enhanced Source Definition and Standard Paths Generator (ES-OP)

The detaiéd explanation and the reason we introduce the enhanced source definition (ES)
procedure are discussed in Chapter 3. In the standard NDSHA procedure, it is pteéusel of
the default run, and it depends on the analyst to choose the source defmitibe computed
hazard. This feature will be discussed in this section by settingahdasd NDSHA not to start
from the earthquake catalogs but from the enhanced source definition file (Thetfigures from
6.3.2 to 6.3.15 show the same runs previously described with the default NDSHA run t¢ie @rovi

proper way for the comparison between the original and enhanced source definition procedures.
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Figures 6.3.3, 6.3.4, 6.3.5, 6.3.6 show that using the enhance source definition produces ¢
PGD, PGV, and PGA very similar to those produceith the standard NDSHA package.
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Apparently PGV at 1Hz cutoff based on the @&B-atthe far field source (e.g. Bangka Island)
shows a lower value (6.3.2-left) than that of using the standard package OS-Oeff).2The

PGA produced by E®P Figure 6.3.4) shows a relatively significant decrease at the near and far
sitesin the Sumatran fault system (e.g. Bangka Island) in comparison with the PGA gfroduag

the standard package @82 (igure 6.2.3). This could be because in the enhanced source
definition procedure, we can control the minRun (minimum magnitude run for eacfosiégich
seismogenic zone. We adopted minRun=0 for the seismogenic zones no 13 and 14 and minRun=>5.
for seismogenic zone no 1, 2, and 3. However, in the standard package of NDSH#le avalue

of minRun is usually adopted for all of the seismogenic zones. If weisBum=0,it may cause
underestimation for the zones no 1, 2, and 3, but if we set minRun=5, gadltd overestimation

for the zones no 13 and 14.

The computed PGD and PGA by the enhanced procedure ES-OP are more realistic
compared with the standard procedure OS-OP. Figure 6.3.10 (left) shows the efiGiatadsing
ESOP at sites far from the sources containingdfiectsof the distant subduction source, while
using OS-OP leads to that of the far sources does not contribute to the ¢mmmitaPGD at the
distant sites (PGD displacement for subduction cannot reach the Bangka &sidnileOS-OP
only can get PGD from the near source as shown in Figure 6.2.8 (left). Howevestithated
PGA based on E®P Figure 6.3.10-right) and OSP (Figure 6.2.8-right) show almost the same
result as that of the small source-receiver distance. This is meenedde because the subduction
source can generate a larger magnitude than that of the strike-slipafbiggér magnitude even
though far can reach a distant field); thus, it caacBangka Island with significant impacts while
the strikeslip sources cannot.

The enhance source definition produces the different strong motion value when adopting
1Hz and 10 Hz cut off frequency computation (Figures 6.3.13 and 6.3.14 ) and asHdfesent
behavior similar to that of by the standard source definition procedu®@FOEigures 6.2.3eft
and 6.2.4-right). The Figures 6.3.15 to 6.3.20 show that the PGD, PGV, and PGA computed using
ESOP are lower in value than those at the same ground motion parameters donggethe
standard version. The enhanced ES-OP may produce a greater DGA than the stanedutleproc
OSEP along northern part of Sumatra. The dominant period in the computed PGV by@t ES
(Figure 6.3.7-left) is relatively more scattered if compared to the perio®dfgPoduced by OS-

OP (Figure 6.2.6-left). One possible reason is that the ES-OP has no fixed squtrcémbgnitude
dependent source depth) if compared to the standard OS-OP. The enhance souioa &SP

is doviously using the estimated focal depth from the revised earthquake cdtesc®wn by the
color of beach badlin Figure 6.3.9-12) while the standard OS-OP using three different magnitude-
focal depth threshold values (10km, 15km, 20km) based on Equation (3.1).
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6.4. Enhanced Source Definition and Updated Paths Generator (ES-UP)

The NDSHA method is still evolving, and the computer dasdeeing constantly improved
since the original implementation, to better fit the need of producingtregisund shaking maps
and ground shaking scenarios, at different scale levels, by incorporating alhtgdemgresses in
the knowledge of geological processes and their numerical modeling (the redfitkierepistemic
uncertainty). A complete description of the methodology can be found in Pasizg2€01). Here
we will describe in some detail just the parts of the methodology that has improvetinuae
Among the most relevant changes recently implemented to the algorithranzs & al. (2012)
mentiored, as follows

¥ code optimization, which leads to a speedup in the computatiaffeleyor of about 6;

¥ the possibility to consider the very realistic source models that accounhe rupture
characteristics at the fault, directivity included;

¥ the option to consider the sources distributed not only within the seismogenis zone
(Meletti, Patacca and Scandone, 2000; Meletti and Valensise, 2004), but #isonodes
identified by the morphostructural zonation (Gorshkov et al., 2002, 2004, 2009);

¥ the option to compute the synthetic seismograms with a maximum frequeneptooinl 0

Hz;

the option to compute the ground shaking maps also for the vertical component;

the option to compute the ground shaking maps associated with the aredsbgi¢ni CN

and M8 algorithms (Peresan et al., 2005).

The application of NDSHA for Sumatra, which is characterized by th@learseismogenic
zoning, needs some modification to the algorithm being used about the sourctodefas
discussed before. The proposed updates for NDSHA include the enhanced sounit@ndefi
procedure as discussed in Chapter 3. The new source definition, proposed and tesedhaga
original path definition, successfully produced a hazard map as it was exkp&be enhanced
source definition is a user-friendly configuration file and gives a loteodHility for the user. But
when we apply the enhanced source definition, we have to call some *gsaaridl the standard
package wittarigid configuration file. Therefore, we want to update the path generator tothdopt
user friendly configuration file. The main goal of making an update for therexjsath generator
used by the NDSHA approach not only to make it more user friendly but also te taagiroblem
of the sources unreached in the far receiver in Bangka Island using the mediumR2aphge
threshold as described before.. The updated path generator (UP) will maintfifictbacy of the
computation process to select the significant sources of hazard froar fledd zones. Figure 6.4.1
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shows the location of the updated path generator (in blue box) and the receiver £isoance
definition form (red box).
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Figure 6.4.1 Flow chart of the standard enhanced NDSHA procedwecigional scale with the
enhanced source definition (OS) in red box and the updated paths generator (OP) in blt

this file for sut4pat.par

shoa9n # project name
../base/suman.sut

fmax 1

SPX "s/shof"

sumz2.obs

../base/hazdistance.min
../base/hazdistancel.max

INT -5 # give auto interpolation
MIS 100 # minimal source per receiver
BIN 1

MOT 2

FUL 1

CLNsf

itacode.cod

SCL 1 90 guphas

Listing 6.2. The configuration file for updated path generator

The configuration file starts from the freely ggheadein the first line and the second line,
and we kept the one traditionally used in the configuration file as line ------- whieh will be
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ignored by the program if the line starts with the three charactarstop. The first line following

the word will be defined aa project name, in Listing 6.2 project name shoa9n. This configuration
file enables the user to set the different parameters. For exafbae/suman.sut is very
useful when we want to make an experiment with the different sourggtidefibecause we can
control and know very well what file we use. In the standard version, the steoukl be changed

to a project name and be put in the same directory, i.e. sha9n.sut; in our expetieneasy to
make mistakes here because some files are subjecting to the wthteformatting from time to
time, so it is better to fix one source directory for all of the independerst (@ey. the Gusev
spectral curves). As an additional example, we perform an experiment usindilethe
name /base/hazdistance.max, which is always being used with the same name. The option
SPX "s/shof" is very helpful to reduce the number of the files in the folder, and subsequently
to reduce the used memory in the hard disk space, by referring to the directory nohdtes
spectral files without the need to copy it in the working directory; thestirfes are very useful

when we deal with several scenarios.

The main advantage of the updated path generator UP is the transparencymittfie in
the computation process. The important motivation for this updated path genetladdmist all of
the sources have an effect on the site being studied, so it is méuktasgefine the minimum
magnitude at different distances that can affect the site oégttef we set MIS 100 that means that
only 100 path will be used for each receiver. The details about the usefoln#ss suggested
procedure will be given in the next chapter for increasing the efficiencheotdmputational
process. In the standard package, the interpolation is given by a positive integer,reim 5, and
it will set the same interpolation value for all of the computed syintlseismograms. In the
updated version, we give the possibility to change the interpolation value dependireggdistance
between the source and the receiver with a certain maximum valuéN€.g-5 will let the
interpolation value to vary from 0, 1 until 5. The application of this methauwtsan easy task
because we also need to define the interpolation parameter based on teedsepthran order to
reduce the calculation of the eigenfunctions. This feature is a challjefeature to increase the
synthetic seismograms efficiently and neadisrther investigation in the future.

There are two ways to execute this program: without or with the argumeets (i
sut4path.exe and sut4path.exe alternative.par, respectively. Without the
passing parameter, the default configuration file sut4path.par is read, amdtheitpassing
parameter, there is the possibility to read another file name, e.qg.:

sut4path.exe
sut4path.exe alternative.par
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After the execution, the program will generate several files neededdocamputation of the
synthetic seismograms. For example, the following file with the projeatenaxx. The
Configuration files are:makehaz.par, sne.par, sgv.par, sgrz.par, sgr.par,

sgl.par, gconv.par

The nput files for generating the synthetic seismograms #x&Q001.isg, xxx0002.isg
E number of the polygos.

For the information files xxx.pat,, rns.Ist, pat.Ist, isg.Ist, xxx.srp, and

the script r file contais:

#l/bin/bash

nameroot=xxx

fclean.sh s f

START=%$(date +%s)

echo estimate 7.8660 hours to run 283177 paths
[[! - e accg.cpt ]] && hazcpt.out

esgl0050.out

esgrz0050.out

esne.out

for fileO in $(cat rns.Ist);do

find . -maxdepth 1 - name "${file0}.rzz" ! - name "*f[012]".rzz >> fft.par
done

efft.out

esre.out

find . - maxdepth 1 - name "${nameroot}*f0.rzz" >> cou.par
find . - maxdepth 1 - name "${nameroot}*fl.rzz" >> cou.par
find . - maxdepth 1 - name "${nameroot}*f2.rzz" >> cou.par
ecou.out

efinmax.out

eexmaxsig.out
efinmaxdgav.out
eexmaxsigdga.out
egconv.out

hazgmt.sh xxxf2max.dga
hazgmt.sh xxxfOres.amx

hazgmt.sh - 4 xxxfOres.amx
hazgmt.sh xxxflres.amx
hazgmt.sh - 4 xxxflres.amx
hazgmt.sh xxxf2res.amx
hazgmt.sh - 4 xxxf2res.amx
fclean.sh s f

pwd

END=$(date +%s)

DTS=$(echo $END - $START | bc)

DTH=$(echo $DTS | awk Y{ print $1/3600}')

echo $DTS | awk { print $1/ 283177 " second/path"}'
echo estimate 7.8660 hours to run 283177 paths
echo "finish for " $DTH "hours"

Listing 6.3. Script r which is generated by sut4path.exe program



Figure 6.4.2 and 6.4.3 show the horizontal PGD and PGV maps computed at 1 hz and 10 hz
frequency cutoff using the updated path generator. The source definition is apphgdhes
enhanced source definition, which is used in Section 6.3 d&3H@P procedure. Therefore, these

maps show a slight difference with respect to the picture in Figure 6.3.3.
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The figures from 6.4.2 to 6.4.5 show the capability to produce the hazard maps byesing t
updated path generator algorithm. The updated software has the capability to phedresults
also taken from the standard version. It means that the UP procedure camdulesmin the

standard package by replacing OP as shown in Figure 6.4.6 (right). We can verdgttbig @ising
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the same input for the original and the updated version. The original source {@&Epdeas used
with the updated paths generator: @®UP testing path generator. Figure 6.4.7 shows a very small

difference between the maps computed using the updated varsidhe original version of the
path definition.

Figure 6.4.6 (right) Standard source definit
(OS) send to updated paths generator as 1
OS-UP with standard setting will be compara
with standard NDSHA OS-OP.

(left) The position of updated path generator
inside whole standard NDSHA procedure.
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Figure 6.4.7 This picture (left) shows the difference between the computed radrRGM using
updated and original path generator at 10 hz cutoff; (right) the difference bdtveeeompute:
horizontal PGA using updated and original path generator at 10 hz cutoff. Thendéeeetwee
original and updated versions of travel paths are small and scattered.
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6.5. An Efficient Path Generator for reducing Computational Time

The development of the NDSHA software package started from the ppeothaction of
the synthetic seismogram by the modal summation (Panza, 1985; Florsch et al\iBéd).
applying the modal summation for the calculation of the strong ground motion, tltefotfied an
efficient way. By definition, the peak ground acceleration (PGA) is equaktoneximum ground
acceleration that occurred during the earthquakes shaking at a location. It timeta@as very
conservative approach for the estimate of the most strong ground motion, sugA,sBGV/, and
PGA, is obtained by calculating all of the synthetic seismograms fllooh the available sources,
for both a historical and potential earthquake. In order to build the seismid Imaap, several sites

will be investigated, and the total possible paths are given by:

(6.1)

Taking the sources directly from the earthquake catalogs to calculatsythieetic
seismograms will produca huge number of the paths, and it is therefore not implemented. Based
on Equation (6.1), there are three possibilities to reduce the number of theTpatlfisst one is to
reduce the number of the sources,the second one is to reduce the number ofvities racei the
third one is to reduce the number of the paths that could be used in the cmmpmitéte hazard

map.

The first application of the NDSHA (Costa et al., 1993; Panza €t986, 2000, 2001) has
managed to reduce the number of the sources by grouping them into the homogenous seismogen
areas, and for each group, the representative focal mechanism can be kiguit.cOhs scalar
seismic moment associated with each source is determined frormahgsis of the maximum
magnitude observed in the epicenter area; we call this Osourceatedinitihe original version of
the source definition algorithm is explained by Panza et al. (1996) standard smoothing
procedure (OS) and has reduced the number of the sources significantly. Recevelgiszissed
in Chapter 3, for the case of Sumatra, the enhanced source definition proceduskéE$pre of
the efficiency of the computation by sorting (divsel) the near source zonesHeofar source
zones. The reduction of the number of the receivers also has been appliefirst gpplication
placing the sites at the nodes of a grid with an optimum resolution 0.2jx0t 2ptrexs the national
or regional territory (Panza et al,. 2001). In contrast, the PSHA based on thetafteagaation
and the cheap computational cost for each site can be performéiyaer resolution grid (in the
case of Indonesia PSHA 0.1jx0.1j) with an apparent relatively high precision, not sapppthe

guality and quantity of the available data.
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In case of Sumatra the number of defined sources are N(ES)=1776 and reces/er sit
N(sites)=953, this leads to a total of 1776*953= 1692528 paths. In the standard hazard procedure
(NDSHA) the choice of source-receiver distances being used is based upoagthieude of the
earthquake source. The maximum source-receiver distance has been setZgus0,tand 90 km,
respectively, for M <6, 6 M <7 and M# 7 (Panza, et al., 2001).

In this section, we investigate the effect of using different senewsiver distances (the
original file named hazdistance.max is then renamed to hazdistanceh.iés section) on the
resultant ground motion distribution over Sumatra. As show in Listing 6.4 in columinel, t
maximum source-receiver distance for M<6 is 250 and 600km for M8, the thresholdoused t
produce the maps in Sections 6.2, 6.3, and 6.4. The second modification threshold R2 filath t
name hazdistance2.max reduces the distance for the magnitude 8 to 400 kast Telification
is the threshold R3 with the file name hazdistance3.max, which givesienom distance of 200
km for magnitude 8. The updated path generator can be performed by changing the setting
parameter in sut4path.par with following line.

#../Ibase/hazdistancel.max
..Ibase/hazdistance2.max

Threshold R1 : Threshold R2: Threshold R3 :

file: hazdistancel.max file: hazdistance2.max hazdistance3.max
magnitude distance 1 magnitude distance 2 magnitude distance 3
0 250 0 150 0 75

6 300 6 200 6 100

7 500 7 300 7 150

8 600 8 400 8 200

Listing 6.4 The different distance-magnitude scenario thresholds discussed in this seci

Figure 6.5.1 (left) shows the original path procedure using the distance-magnitstielthre
R2 (filename hazdistance2.max). This choice makes Bangka Island a faofieteé in which there
are no defined paths for the computation of the strong ground motion. Figure 6.5.1 (right)h&€hows
effect on the ground motion of choosing the proper source-receiver distance, and thacdiffe
large at the eastern part of the region.

The simple way to solve this problem is to return back to using the ddéfiaedthold
parameter file. For this case, the problem can be solved but in the futlure large covered area
that contains many receivers far from the seismic zone, this method tenuséd anymore. The
problem can be handled by increasing the distance-magnitude threshold for the redalé the
Sumatra region in order to place the receivemsfat distance from the sources in Bangka Island.

Instead of applying the increasing distance-magnitude threshold for all of #hevarenly focus on
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the far field seismic sources using other strategies. In the updated pathtge we can control the
minimum number of the paths for each receiver from the most significantesthat could

contribute hazard for the site, namely MIS in the sut4path.par configuration file.

PGA: OS OP 10hz R2 I PGA: OS OP 10hz (R1-R2)

Figure 6.5.1 Horizontal PGA map computed aHEXutoff based on OSOP procedure with F
threshold (left) and the difference between R1 and R2 (right)

PGA: OS OP 10hz R3 I PGA: OS OP 10hz (R1-R3)

Figure 6.5.2 Horizontal PGA map computed at 10 hz cutoff based on OSOP procedure w
threshold (left) and the difference between R1 and R3 thresholds (right)
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The determination of the significant seismic sources also brings [zailem: we have to
calculate the strong ground motion from each source. Using the modal summatind rive
searching the most significant source is a precise way, but does nahmsetution for reducing
the computational time. If no alternative solution is available, weusanthe rough approach to
search among several significant earthquakes for the site of interesbulfireapproach is based
on the use of the most popular attenuation laws of the ground motion paranietelP$GA and
PGV:

(6.2)

where y is the ground motion parameter, a, b, c, d, e coefficients empidetdiynined,rand O

are the different measures of the distance from the source, and S@yavariable (0, 1), which
depends on the soil type (Paretaal, 2009). Because the equation does not come &ogalistic
physical simulation, there are a lot of attenuation equations. Douglas (20021 2asiblished
attenuation relations for the peak ground acceleration for determining the paramEtgiation

6.2. For example, we choose one of them (Sigbjornsson and Baldvinsson, 1992). By borrowing the
parameters from the attenuation formula and by ignoring the soil type, we gée Eguation 6.2

in anoother form:

(6.3)

Because our interest is only to compute the possible hazard from the sbataesild generate a
large ground motion (effective acceleration) at the sites of interesbarduce the computatiah
time, we proposed to use the GMPE to get an idea about the value ¢aiveiground motion,
and its relation to the weighting value (W), we then select thelfd@tof the significant sources to
be computed by the NDSHA approach. Therefore, we can eliminate the paramated the
equation will only depend on two parameters, and the weight equation for easbyratreceiver
becomes:

(6.4)

This will be cheap, faster, and easy to implement in FORTRAN as shown in Listing 6.5.

beta=0.365; bbb= - 0.0039.
R=sqrt(dist2*dist2+depth*depth)
fac_dist=(10**(bbb*R))/R
fac_mag=10**(beta*xmag)
weightrs(iobs,isut)=fac_mag*fac_dist

Listing 6.5. The Fortran code describes the weight for each connection path betwee
observation pointigbs ) and the source definitioms(t )

12¢



In this chapter, we apply the MIS parameter with the 100 sources as shavsting 6.2,
this means that, the far receiver sites, e.g. Bangka Island, will havpathe from the 100
significant seismic sources only based on Formula 6.4. We do not trusiethgasitin equation for
the calculating of the strong ground motion parameters; therefore, afteinggeliget 100 real
significant sources, we computed the strong ground motion based on the modal sammdiod,

which relies on the realistic physical simulation.

The MIS feature in the updated path generator allows for reducing the coommaltéithe
significantly as described in Table 6.1. For the scenario distance-magmitedbald R1, the OP
(original path generator) has 517437 paths less than those produced by the UP (updated pat
generator) 655490 paths. This is so because even if the site already pathsHeom the threshold
process, the UP will force the additional paths until 100 paths are redvleedeed about 0.1s
computation time per path on the DSTX machine. The real computatiorealofiraourse also
depends on how many programs are running simultaneously on the server. For the distance
magnitude threshold R2, the OP produces fewer paths thddRtaoes, but the produced map
based on the OP does not cover the far sites in Bangka Island. For the disagndede threshold
R3, the OP cannot be used anymore (see Figure 6.5.2) even if it produces hatfushibiee of the
paths compared with tHéP does. The comparison of the computation time based on the UP with
the threshold R3 with that of the OP computation time shows a signifdecrtease of
computational time by a factor 4.5768=14.373/3.1404 with no loss in the accuracy of praducing
precise strong ground motion map.

Table 6.1. List of number of paths, computational time and hard disk space deguiseveral
threshold scenario.

No Scenario #paths | Time estimat¢ Time reality| Hardisk Condition
(hour) (hour) space

1 OS OP R1 10hz| 517437 14.373 13.2567 213G |Standard

2 OS OP R2 10hz, 240407 6.6780 5.39 113G | No cover Bangka

3 OS OP R3 10hz| 62933 1.7481 1.52417 33G |No cover eastern pat

4 OS UP R1 10hz| 655490, 18.208 19.1103 169G | Similar

5 OS UP R2 10hz| 322898 8.9694 8.18167 95G | Similar

6 OS UP R1 10hz| 113054 3.1404 3.15278 36G |Similar

This MIS feature in the UP algorithm wita short distance-magnitude threshold
successfully producessimilar hazard map withvery small difference with respect to the standard
version of the OP witta long distance-magnitude threshold R1. There are negligible differences

when usinga different path generator. Surprisingly, the difference in PGA computed using OP, UP-
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R2 and UP-R3 is almost identical (Figure 6.5.3-right is almost iddnic Figure 6.5.4-right).
Probably, this effect is related to the weight in Equation 6.4 for the PGA purpose.

| PGD: OS (UP.R2 B OP.R1) 10hz | PGA: OS (UP.R2 D OP.R1) 10hz

Figure 6.5.3 The updated path generator with threshold R2 has relatively small differenct
respect to standard path generator for PGD (left) and PGA (right)

| PGD: OS (UP.R3 P OP.R1) 10hz | PGD: OS (UP.R3 P OP.R1) 10hz

Figure 6.5.4 The difference in PGD (left) and PGA (right) computed using updategepaitato
at R3 threshold and from the standard path generator at R1 threshold shows relasiveli)
difference between adopting different magnitude-distance threshold in thamegubund motiol

parameters.
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6.6. Comparison with Current Official PSHA

The typical seismic hazard problem lies in the determination of the growten
characteristics associated with future earthquakes, at both the regidn#iealocal scale. The
seismic hazard assessment can be performed in various ways, e.g. veithigtide of the ground
shaking severity due to an earthquake of a given distance and magnitude (OOground shaki
scenarioO0), or with the probabilistic maps of the relevant parametersndetherigiound motion.
The first scientific and technical methods developed doseismic hazard assessment were
deterministic and based on the observation that the damage distributienisaftelated with the
spatial distribution and the physical properties of the underlying soil. The 19¥Q@kesdeginning
of the development of probabilistic seismic hazard maps on a national, tegimhaurban
(microzoning) scale. In the 1990s, these instruments for the mitigation oficséignard came to
prevail overa deterministic cartography (Zuccolo et al., 2011).

The probabilistic seismic hazard analysis determines the probabiétpfran exceedence,
over a specified period of time, therefore it is not dffien(Castanos H. e Lomnitz C., (2002),
PSHA: is it Science?, Eng. Geo., 66, 315-317.). PSHA cannot be falsified {pacajcif, in a
given location, PSHA declares that in the next 50 years, the probability edrdmuake with a

given shaking (hazard) X is 10%, an event with much greater shaking Woes not falsify the

prediction. In fact, by definition, PSHA allows for a probabilty of 10% that #réhquake with

shaking Y occurs. On the other side, if the earthquake with shakinyg ¥oes not occur, PSHA is

even so OcorrectO. In spite of this various levels of the ground motion arasgivene discussion
by Irsyam et al. (2010) and by the digital data from the courtesy of Usamah (2013urfdr
official PSHA map is available ia PDF mapand there is no official link providing the digital data.
Therefore, before we make any comparison analysis with our result, we hdexkotlve data we
get from Fauzi (2013) similar to the offadiPDF version map from Irsyam et al. (2010). The
colored map that wet get from tROF map determines the RGB value in the GIMP Image Editor
software, and we use the colored map to make this comparison. Figure 6.5.1hshswslarity
between the PDF version and that of re-plotting from the digital data, kisisdata isa
representative of the current official PSHA for Sumatraiamdliable fora comparison study. We
hope in the future most of the official map produced by the government not onlgbévail a
picture map image but also possibly availabla digital format for any potential scientific study.
The digital data resolution for PSHA is 0.1 degree but most of PHSA anedotted using
a continuous map representation, artificially obtained by interpolation. In PSHA, gasy to
artificially increase the resolution without increasing the computatioimal because of the use of

attenuation equation. On the other side, NDSHA is basealrealistic physical modeling, which
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has a cost, in terms of the computational time, for each observation pogneéfdre, NDSHA is
based on a number observation points with the ideal resolution 0.2 degree for tittevd&fa for
plotting NDSHA in a regional scale. In some cases, the gridding with 0.2edegitt miss the

small size islands, but we can put an additional point in the centan isfand, if the adopted
resolution is 0.2 grids as discussed in Chapter 4. By borrowing the observation point caordinate
from NDSHA, we interpolated theGA from a PSHA map in the digital format. Figure 6.5.2 shows
the apparent PSHA with the NDSHA based on an observation point.

Figure 6.6.1 The official PSHA map for PGA at bedrock with 10% probability ecfemlance in 5
years (left). The official map has visual similarity with re-plottegitel data (right) which we wi
use in this comparison study.

The hazard at a site is given in terms of probability of the exceediegedt levels of the
ground motion during a specified period of time. This is achieved through theatalcuf the
frequency of earthquakes with some severity, and the calculation of thei@waddirobability of
exceedance of a given ground motion level for each of these contributing earth(puakesed
over all of the potentially contributing sources). Historically, the most-usednpter in the
engineering analysis for the characterization of the seismic hazdrel peéak ground acceleration
(PGA), which is a single-value indicator commonly used seismic hazard assessment (Zuccolo
et al., 2011). To check the performance of the PSHA maps against theAND&(H, we evaluate
all of the available PGA maps based on PSHA estimated at 10% and 2% ptyplbéleikceedance
in 50 years, which are available in the form of the digital data from Fauzi (2013).
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Figure 6.6.2 PSHA data for 10% probability of exceedance during 50 years for observati
from NDSHA study (sumz2.0bs) is plotting with difference color map: digitpatiolormap fron
official map (left) and standard colormap which used for acceleration BBH¥Dpackage (right

Figure 6.6.3 Similar plotting process with figure 6.6.2 for different 2% probability
of exceedance in 50 years.

The hazard map PSHA as shown in Figures 6.6.2 and 6.6.3 is the revision a$rthie se
hazard map in the Indonesian Seismic Code SNI 03-1726-2002. Some improvementeigmtice s
hazard analysis were implemented in the analysis by considering the setanic activities
around Java and Sumatra. The seismic hazard analysis was carried out-disiegsion (3-D)
seismic source models (the fault source model) using the latestctesegarding the tectonic
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settings of Sumatra and Java. Two hazard levels were analyzed for mépge$6% (Figure 6.6.2)

and 2% (Figure 6.6.3) probability of exceedance (PE) in 50 years ground motions for Sumatra
(Irsyam et al., 2008; Irsyam et. al., 2010). The PGA given by PSHA 2% probability atexoe

(PE) in 50 years (Figure 6.6.3) obviously legreater value compared to PGA of PSHA 10%
probability of exceedance (PE) in 50 years (Figure 6.6.2).

I (DGA OSOP 1hz B PGA PSHA 10%50yr ! (DGA OSOP 1hz B PGA PSHA 2%50yr)

Figure 6.6.4 Difference between DGA (1Hz cutoff) from standard NDSHA and PGA
of PSHA 10% (left) and 5% (right) probability of exceedance (PE) in 50 years.

| PGA: (OSOP 10hz B PSHA 10%50yr) | PGA: (OSOP 10hz B PSHA 2%50yr)

Figure 6.6.5 Difference between PGA (10Hz cutoff) from standard NDSHA and PGA
of PSHA 10% (left) and 5% (right) probability of exceedance (PE) in 50 years.
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Figure 6.6.4 shows the difference between DGA (NDSHA) and PGA (PSHAg:vile
value of DGA is lower than PGA at both probabilities of exceedancel(®®m)and 2% in 50 years.
However, the PGA estimated by the standard NDSHA with 10 hz cutdfigiser than the
computed PGA from PSHA at PE 10%. For comparison with PE 2%, the neaddD&HA gives
the PGA value greater than that of #88HA and for the far field sources, it is the opposite (Figure
6.6.5). This means the NDSHA calculation for Sumatra gives reasonables reaskéd on the
adopted magnitude distance threshold. This is due to the fact thatnbardt&dNDSHA is based
upon the realistic physical simulation of the seismic wave propagatiencdmparison between
the PGA computed based upon the proposed enhanced version of NDSHA and PSH#hahows
the updated version gives the same values at the near sites and lavesr atathe far sites;
whereas, the standard one giedsgher value in NDSHA, which in turn gives a higher PGA value

for the near and far field sources.

| PGA: (ESUP 10hz D PSHA 10%50yr) | PGA: (ESUP 10hz D PSHA 2%50yr)

Figure 6.6.6 Difference in PGA (10Hz cutoff) from enhanced NDSHA and PGA
of PSHA 10% (left) and 5% (right) probability of exceedance (PE) in 50 years.
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7. Local Scale NDSHA (Microzonation) for Banda Aceh City

7.1 NDSHA for Local Scale method with Hybrid Method

The issues pertaining to the urban risks are a pressing concern for people invahed
disaster mitigation. With the progressing urban sprawl and the emergenceyofities around the
world, disasters of all kinds become an inevitable consequence of uncontrolletizaiiba.
Growing environmental and social (purely scientific, practical disasteligatin, and
preparedness) concerns, both on the part of decision-makers and public opinion, have brought
new perspective to the perception of hazard assessment as a vaiatiattdn the long-term (e.g.
urban planning and structural design, retrofitting), and an effective complemehbrin and
medium terms, to traditional design procedure for a resistant and safe envirdPaeza et al.
2011).

In the first approximation, which does not account for the local site conditi@synthetic
seismograms are calculatedaategional scale by the modal summation technique (Panza et al.,
2001) for the estimation of the strong ground motion at the bedrock, as shown in Chaptier 6, w
the input based on the enhanced source definition discussed in Chaptex Masiuctural model
for each receiver site as discussed in Chapter 4. Most of the urbannaBaasdtra are located in
the flat sedimentary basin, for example, the Banda Aceh city. Therefordhefatetailed urban
planning of the Banda Aceh city, the regional seismic zoning cannot be useditwéking into
account the local site condition, which has a great effect on thmisevave propagation beneath
the urban areas, so we have to investigate the detailed structural oratiel $edimentary layer in
Banda Aceh. Thus, th&ismicmicrozonation is defined as the process of subdividing a potential
seismic or earthquake prone area into zones with respect to some gedogicgéophysical
characteristics of the sites and in this chapter, we will usestfienal scale seismic input from the
modal summation with 2D ground shackingadbcal scale to define the site characteristics in the
Banda Aceh city.

The proposed methodology for seismic microzoning has been successfully applied to
several urban areas worldwide in the framework of the UNESCO/IUGS/IGCR:sré)Realistic
Modeling of Seismic Input for Megacities and Large Urban AreasO (e.g. &@aiza2001, 2001b,
2002) and OSeismic Hazard in AsiaO. The methodology has been applied simgasises
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importance of non-synchronous seismic excitation of long structures as weth(Ra al. 2013).
This method has been successfully applied, for the purpose of seismicamiogyzin several
urban areas like Mexico City, Rome (FSh and Panza, 1994), Benevento (FSh and Suhadolc, 199!
Marrara and Suhadolc, 1998), Naples (Nunziata et al., 1995) and Catania (Romahgllo®8) in
the framework of the IUGS-UNESCO-IGCP project (Panza et al., 1999b).

The seismic microzoning computation based on the hybrid method gets advantages by
combining the analytical and numerical approaches. Typically, the anakuicgion is applied to
the regional model by characterizing the path from the source to the logalfargerest, and the
numerical solution is applied to model the local site conditions. F&h(@093) developed a hybrid
method that combines the modal summation technique, valid for laterally horoageareelastic
media with the finite difference, and optimized the advantages of bdtiodse It can take into
account the source, path, and local soil effects to calculate thiewage field due to a seismic
event. A laterally homogeneous anelastic structural model is adopted, rapgeskbataverage
crustal properties of the region. The generated wavefield is then introdudedgrd that defines

the heterogeneous area, and it is propagated according to the finite-differences scheme (Figure 7.1

Figure 7.1. Schematic representat
of the hybrid technique (Pan:
2009).

Wave propagation is treated
means of the modal summati
technique from the source to t
vicinity of the local.

Finite different method uses wa
propagation in heterogenec
anelastic structure that we may w
to model in detalil.

Propagation of the waves from the source to the sedimentary basin is corypuitesl
modal summation method for P-SV and SH waves. The detailed descriptienhyfirid procedure
is given by Panza e al. (2001). The explicit finite difference schemebharaised to simulate the
propagation of seismic waves in the sedimentary basin. These schierbased on the formulation
of Korn and StSckl (1982) for SH waves, and on the velocity-stress, finite difiemethod for P-
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SV waves (Virieux, 1986). The schemes are stable for the materialsomittal values of Poisson's
ratio. The intrinsic attenuation in soft sediments is an important praoess taken into account in
the computations to prevent serious errors in the estimation of seismic h&&i1d992).

In this study the hybrid method will be applied to the investigation of tkeesgecific
microzonation of Banda Aceh, the capital city of Aceh, after applying an impevein the
definition of the structural model. The motivation for choosing the Banda Atelasione of the
urban areas in Sumatimbecause the city is located on a sedimentary layer between two tsdrock
and it is ideal for applying the hybrid model as shown in Figure 7.1. Another reastiodse
Banda Aceh for the local scale NDSHA study is the fact thatithésalensely populated and is the
capital city of Aceh. The method is adopted in order to effectivelygaté (prevention) the

earthquake consequences from future strong earthquakes.

7.2 Location and Geology of Banda Aceh City

Banda Aceh is the capital city of Aceh, Indonesia. The city is Iddat¢he northern most
part of Sumatra Island as shown in Figure 7.2 (left). In addition, the city immakewesterly and
early developed city in Indonesia, and on 22 April 2015 it celebrates the 810th ampioérgs
existence. The city rose to international prominence in the aftermtth bfdian Ocean earthquake
in 2004, which struck off the western coast of Sumatra. Banda Aceh wasgshst anajor city to
the 2004 earthquake epicenter and suffered great damage in the earthquake fath@&wing

devastating damage from tsunami.

Banda Aceh Municipality is a regional autonomy with area 61x36 khe center of Banda
Aceh city is well known by its famous historical buildings such as Baltoram Grand Mosque at
5j33I13'N 95j191.9'E. The population in the administrative Banda Aceh area reaches 249,282
people according to the 2013 census (llliza and Buchari, 2014). Other administrats/éeloea
to Aceh Besar district, which is the district capital locatedaathb, see Figure 7.2 (right) location.
Syiah Kuala University is the state university of Aceh, located in B#wu#d and near to the
profile of the investigation as shown in Figure 7.2 (right).
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Figure 7.2 (left) The Google Map view of Sumatra and location of Banda Atelndhe mos
northwest path of the island. (right) Satellite view of Google Earth:pthie line shows th
position of the section considered for the hybrid modeling of earthquake ground motiohe
red line delineates the border of Banda Aceh city in Banda Aceh Basin.

Figure 7.3. Structural map of the No
Sumatra Basin and the distribution
tertiary and quaternary sediments
northern Sumatra. (Barber et al., 20(
Banda Aceh city is located in t
Northwest Aceh Basin. This map cov
Aceh province which is characterized
a complex branching fault system.



Figure 7.4 Geological Map of Banda Aceh city is cropped from map scale 1:250,000t{®x
al.,, 1981). The pink line is the location of the 2D profile used for the hybrid mgdef
earthquake ground motion and the blue line is the administrative border of Bandéacsts or
guaternary alluvial deposits (Qh).

The North Sumatra Tertiary sedimentary basin and its westward extensiw iAceh
occupy the northeastern part of Sumatra between Banda Aceh and Medan, extendingdsorthwa
into the Andaman Sea as shown in Figure 7.3. The earliest sediments Ac&Wand extending
westwards across the Barisan Mountains into the West Aceh Basimngiternerates, sandstones,
siltstones and shales with interbedded limestones (Meucampli and Agaatibns) of Eocene to
Early Oligocene age (Bennett et al., 1981; Barber et al., 2005).

The Banda Aceh Basin occupies the northern part of Sumatra Basin whiglanatseé by
Quarternary Volcanoes of Seulawah Agam from the North Sumatra Basin. Theelalished
work about the geology of Banda Aceh Basin (Culshaw et al., 1979) shows that th&amndy
astride the Krueng (River) Aceh which flows in a broad valley between lowariednd quaternary
volcanic hills to the northeast and steeper, cretaceous limestorte khiléssouthwest. The side B of
the profile is terminated by the limestone hills, and the side A optbile is terminated by the
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volcanic hills, as shown in Figure 7.3. The valley itself is filleavith relatively recent alluvial and
marine sediments to the depths in excess of 179 meters (Van Es, 1930weé&tedeposited in a
graben structure formed between the main Semangko fault system whichtiheari@atheasterly
limit of the Cretaceous limestone and an easterly splay. Therteigdiief in the lower part of the
valley, much of the land being less than 5 meters above sea level. Teerotdes in the Banda
Aceh area are limestones, slates, and phyllites that outcrop at sheside of the Krueng Aceh
valley.

The oldest rocks in the Banda Aceh area are the limestones, sidtebydites that outcrop
on the west side of the Krueng Aceh valley (Bridge, 1976). These outcrops in wedgesnbibie
limestones and the quaternary deposits of the valley are thought to beanfdpal@age. However,
their relationship to other rocks is confused by their occurrence along the tireeS¢mangko fault
system. The deposits of fossiliferous tuffaceous sandstone from Plioceely Pleistocene age
are found in the upper valley area near Jantho town. These were probably laid gosmallow
water marine environment that has risen to their present elevation offprtwters above sea
level by tectonic uplift. The east side of the valley is flanked bgresxte deposits of andesitic tufts
and subsidiary flows, some probable water. These deposits and their parent vBaawah
Agam, lie on the line on the east Semangko fault, a splay off the fendirsystem. The Krueng
Aceh valley forms a graben-type structure between these faults. Outcropliftetl Pliocene and
Pleistocene reef limestones have also been identified along the east coast (CLasha®#9).

Tertiary sedimentation in the present quadrangle was controlled by thenexisteproto
Barisan Mountain range, which began to rise from Oligocene. This produced sepsireebats
Lamno basin in the west and the Banda Aceh basin in the northeast. Thaeapesition of the
Banda Aceh Basin was originally SE of its present position, later tenti@yements having
brought it to present place, but it was always on the west side ofoilngtain range (Bennett et al.,
1981).

We can simplify the geological map and show that Banda Aceh isetbaat alluvial
deposition (Qh) and is not yet consolidated since the Holocene age. Banda Acetounded by
rocks of the Tertiary age-Holocene. Southwest of Banda Aceh is dominated by tarocka and
east Banda Aceh is dominated by volcanic rocks. Both rocks are the bedrocks frden R&h
alluvial deposition covering Banda Aceh. In the west, Aceh also experiendésrtdsan Plate and
the subduction zones of the Indo-Australian Plate. The Great Sumatramupasuttonstantly and
causes the movement of the geological structures that affect the Baeldabasin, but can be

muted with lithological conditions in the form of unconsolidated sediments (Rusdi et al., 2015).



7.3 Basin Structure of Banda Aceh

The construction of the 1D structural model for NDSHAaaggional scale can be built
from the global and regional tomography data. Whereas, constructing the 2D strucide&fon
NDSHA ata local scale requires more detailed information about the area being silitked.is
no literature about the structure of the basin of Banda Aceh. The earb&xjigal study was done
by Culshaw et al. (1979) until the depth of 30 m. Following earthquake and tsunami, BGR
developed the Information System Engineering Geology (ISEG) based on GIS compiéng se
top soil condition for the reconstruction and rehabilitation of the extended urbaofaBzeda
Aceh that was severely destroyed by the catastrophic 2004 earthquake/tsunan{Gatreher,
2007). BGR also made shallow shear-wave reflection seismic survey for several sites (Ralom
al., 2008).

The available information from direct measurement in Banda Aceh is uifitient
information to construct the 2D profile necessary for the hybrid simulation. Intordenstruct the
2D structure to make the local scale study, we tried to find the oth&atdealata near Banda Aceh
and make a projection. Fortunately, Project Sumenta-Il has sufficient Bataftam the seismic
expeditions using single channel seismic reflection data acquired in 1991D18%loug the
western margin of Sumatra (Malod and Kamal, 1996). These data were recorded rostrjjzpe
which were scanned, digitized and converted into the SEGY format. In the alndeary velocity
information, these data were migrated using a water velocity of 1.5 krofslén to remove the
effect of seafloor scattering. The seismic profile near Banda Acéh ltas become available after
that study by Ghosal et al. (2012) later assigned Profile 33.

Profile 33 lies between Weh Island and mainland Sumatra and coverso4 gh&tBreueh
Basin and Mergui Basin (Figures 7.6 ). It is 47 km long and the water depth varie37fsom in
the Breueh Basin to 1275 m in the Mergui Basin. There is a veneer of thin sed(df m) over
what looks like old deformed sediments in the Breueh Basin. There are no vdieaties
observed near the seafloor northeast of this basin, but a small bathymetessda® is observed
that might be a near surface expression of the Seulimeum Fault (Figtedt)7(&Ghosal et al.,
2012).
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Figure 7.5 (left) Location of the profiles P-33 and P-36 and the valley of Banda Aceh regior
Aceh fault and the Seulimeum fault are marked by the dashed line (Ghosal et al., 2012). (ri
Topography map showing the parallel valley for profile P-33 and Banda Aceh basin.

Figure 7.6 (left) Interpreted single channels seismic reflection profiles from the Sumentédetd
and Kamal, 1992) Profile-33 (P-33). (right) Sedimentary layer interpretation based on seisr
profiling as the red box of profile P-33 which is near the Banda Aceh Basin using QGIS.

Based on the single channel seismic reflection profile P-33, we interphetesedimentary
layer which is near the Banda Aceh basin inside the red box Figure 7.6 (lefis&VOGIS
software (QGIS 2011) to draw the polygon following the pattern of seismictrefiexs shown in
Figure 7.5 (right). The polygon is saved in .shp format (common standard ESRI format fgr QGIS
We m&e a package script, shp2pof.sh, to convert from (*.shpfite in a polygon format, which
is accepted by hybrid software package (*.pof). The conversion process also retaldethod

physical properties of the sedimentary layer as shown in Figure 7.1 in the @omana Separated
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Values (*.csv). The file format is often used to exchange the data betvEerently similar
applications by LibreOffice Calc, Microsoft Excel, or manual text editing.

Because of the coordinate system in QGIS and the size of the piotara §eismic profile
in apixel size, scaling to an appropriate length and depth can be adjusteddnigharsl plotted as
shown in Figure 7.7 (left). The standard procedure to prepare the polygon is using XdigiMac
Screen Digitizer (Vacarri 2014d). The polygon produced by QGIS is converted into the 2D hybrid
input format and is readable by XdigiMac software package for checking andizimgushe 2D
profile before using in the hybrid computation. People familiar with QGIS or @Gl# software,
e.g. ArcGIS, Mapinfo, or other software can produce the *.shp file easily workingthath
favorite GIS software and has the capability to overlay another data whidHficult if not
impossible to apply in XdigiMac.

Table 7.1 is based on the compilation of information from several awagaidies, such as,
ISEG (GYnther, 2007) and shallow shear-wave reflection seismic tomography (Palon2@08),
and considering geological similarity with previous study using the method g\ astcal., 2011;
Nunziata et al., 2011; Paskaleva et al., 2007; Mohanty et al., 2009; Alvarez et al., 2005).

Figure 7.7 The dimension of polygon size after conversion by shp2pof.sh (left) and the
XdigiMac successfully read the bna3.pof produced by the script (right)

Table 7.1 Physical parameters for each layer in spreadsheet (LibreOfficed}Sex

Name| rho | Vp | vs ap gs h epoch Formation material

Qhl1 | 18 06| 0.3 60 25 | 0.25 holocen Alluvium gravels,sands,mud
Qh2 | 19 1 0.5 | 200 | 100 1 Pleistocene Alluvium2 Alluvium2
Qh3 2 2 1 300 | 200 | 2 meosen Alluvium3 Alluvium3

Qh4 | 21 | 25| 1.4 | 400 | 230| 2 meosen Alluvium3 Alluvium3

Bed | 247 | 35| 2.0 | 1350 | 600 | 5.2 egosen bed hard
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thk(km) rho Vp(km/s) Vs(km/s) Qp Qs depth(km) layer name

1.1787 1.97 3.500000 2.000000 1350.13 600.00 1.17866 1 SEDS1 -BOTTOM
6.8135 2.47 5.147437 2.904619 1350.13 600.00 7.99216 2 CRUST1 -BOTTOM
8.4092 2.67 6.113295 3.495663 1350.13 600.00 16.4013 3 CRUST2 -BOTTOM
15.1265 2.85 6.686211 3.815870 1350.13 600.00 31.5278 4 CRUST3 -BOTTOM
92.8497 3.30 8.123616 4.628840 450.04 200.00 124.377 5 LID - BOTTOM
100.0000 3.30 7.961142 4.326709 157.52 70.00 224.377 6 ASTHENO - BOTTOM
56.6224 2.65 8.572799 4.639019 208.83 92.72 280.000 7 M65

60.0000 2.78 8.753242 4.750742 201.59 89.51 340.000 8 M62

70.0000 3.47 8.939481 4.861714 156.31 69.40 410.000 9 M69

80.0000 3.93 9.550887 5.220524 416.59 184.97 490.000 10 M55
80.0000 3.92 9.810226 5.370601 420.98 186.92 570.000 11 M51
90.0000 3.92 10.11921 5.566250 425.83 189.07 660.000 12 M48
90.0000 4.29 10.93294 6.094822 1315.11 583.91 750.000 13 M44
90.0000 4.40 11.12214 6.236225 1271.93 564.74 840.000 14 M43
90.0000 4.49 11.28087 6.265922 1255.96 557.65 930.000 15 M41
90.0000 4.57 11.45185 6.338050 1240.11 550.61 1020.00 16 M39
110.0000 4.63 11.60294 6.432203 1223.39 543.18 1130.00 17 M37
120.0000 4.69 11.77173 6.541500 1204.54 534.82 1250.00 18 M36
150.0000 4.76 11.95084 6.629762 1182.80 525.16 1400.00 19 M33

Listing 7.1 1D structural model for 1D hybrid method v
the top layer from LITHO1.0 model adjusted to the I
conditions expressed in the 2D structural model.

Figure 7.8 (right) Plotting of the 1D structural model fr
listing 7.1.

7.4 Source Definition for Local Scale NDSHA

The regional scale NDSHA will compute the synthetic seismogmnmany significant
sources defined for each area, following source definition as discussed irrChalpor the local
scale NDSHA the computational cos$ more expensive because of using the hybrid method to
produce synthetic seismogram. Therefore, the only selected scenario sourtesusid for the
calculation of the most significant contribution to strong ground motion PGD, &#@WGA. The
result, from ES UP 19z Figure 6.4.5, shows that the source of PGD and PGV is in the subduction

zone and for PGA in the strike-slip fault.

In order to investigate the most significant source of hazard to the Bamtachyg, we
plotted the source related to the most significant ground motion parameter toeth@fsinterest.
Figure 7.9 and 7.10 show the sources for PDG (left) and PGA (right) for the horizzmizbreent
(Figure 7.9) and the vertical component (Figure 7.10) at the maximum cutoff frequehOyzof
and using the enhanced source definition procedure with the updated path generatol (H2}UP
The picture shows that the PGD in the city is controlled by the big eakéhguahe subduction
zone as shown in Figure 7.9 (left), and PGA is related to near source asistiéigure 7.9 (right).
However, for the vertical component, almost all vertical PGD is contddutehe subduction zone
of the vertical movement from the Sunda megathrust mechanic, see Figureff)1U0He PGA for
the vertical component remains controlled by the near field sources fromnikbesbp seismogenic

zones in the land of Sumatra.
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PGD: ES UP 18z PGA: ES UP 1Bz

Figure 7.9 Sources that contribute the maximum horizontal component of PGD (leftpAnd
(right) computed at 18Iz cutoff for horizontal component for the ES-UP version of NDSH/

PGQ/ERT: ES UP 16iz PGA\/ERT: ES UP 16iz

Figure 7.10 Sources that contribute the maximum vertical component of PGD (left) and |
(right) computed at 18Iz cutoff for horizontal component for the ES-UP version of NDSH/
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Figure 7.11 The source location wh
contributes to significant strong grou
motion PGD, PGV and PGA at cutt
frequency 18iz. The PGD and PGV fc
the vertical and horizontal component
from different earthquake sources. O
PGA for the horizontal and vertic
component have the same source.

comp slon slat dist az hs strike dip rake strrec mag amaxa

PGDres 95.3750 3.6250 218.410 0.727 31.306 325.000 7.000 100.000 324.273 8.83 0.4555E+02
PGVres 95.9000 5.1000 78.283 314.956 20.000 313.000 72.000 168.000 358.044 7.41 0.3883E+02
PGAres 95.7000 5.5000 35.031 288.415 20.000 313.000 72.000 168.000 24.585 6.50 0.3081E+03
PGDrzz 95.1250 3.8750 193.173 9.076 28.121 325.000 7.000 100.000 315.924 8.73 0.3833E+02
PGVrzz 93.6250 3.1250 337.214 35.687 5.291 325.000 7.000 100.000 289.313 8.31 0.2186E+02
PGArzz 95.7000 5.5000 35.031 288.415 20.000 313.000 72.000 168.000 24.585 6.50 0.1208E+03

Listing 7.2 shows the important parameters selected from a receiver near the Banda Ace
longitude=95.4, latitude=5.6.

We chose 2 scenarios for which the source contributes to horizontal PGA &8nd=BIG
subduction, we selead the source, which contributes to significant PGD horizontal agtrike-
receiver=325, dip=7j, rake=10(, magnitude M8.8, and focal depth 31.5 km. The distance from
the source to the receiver is in Listing 7.2. For the sBilg-we invered the direction of the 2D
profile, and the use of strike-receiver=24.5880 =204.585%.

31.306 Source depth (km) 20.000 Source depth (km)

324.273 Strike - receiver angle (SH modelling) 204.585 Strike - receiver angle (SH modelling)

7.000 Fault dip (SH modelling) 72.000 Fault dip (SH modelling)

100.000 Fault rake (SH modelling) 168.000 Fault rake (SH modelling)

324.273 Strike - receiver angle (P - SV modelling) 204.585 Strike - receiver angle (P - SV modelling)
7.000 Fault dip P - SV modelling) 72.000 Fault dip (4 - SV modelling)
100.000 Fault rake (4 - SV modelling) 168.000 Fault rake (4 - SV modelling)
208.410 Source - 2D model origin distance (km) 35.031 Source - 2D model origin distance (km)

8.83  Magnitude 6.5 Magnitude 5.3

1 Source (1=point, 2=extended) 1 Source (1=point, 2=extended)

Listing 7.3 Part of pfdg13.par configuration file of hybrid 2D for source parameter for subd
zone scenario (left) and for strike slip (right)
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7.5 Simulation for Subduction Source

The technical procedure for the computation of the seismic microzonatexplaned in
the Quick Reference Manuals, Ground shaking scenarios along 2D profiles usetewnltybrid
technique with the point-source approximation (Vaccari, 2015). The computation haages: s
first, it generates synthetic seismogram with 1D modal summation. Second, it generates the
synthetic seismograms by 2D finite differences. Therefore, we can cobyihreesults in order to

get the response spectra ratios.

The complete synthetic seismograms, including all of the main phasectiais,
refractions, conversions, and surface waves, have been generated for the pribfde3apida Aceh
city. The seismograms are computed with the cutoff frequencyH#, s shown in Figure 7.12
(left). The source is taken southeast of the basin at a distance of 20&w«aynirom the nearest
seismogram computation site. The source represents the subduction zone eanvitfuade
oblique-slip focal mechanism (stirke=325Y4, dip=7Y4, rake=100%, magnitude M8.8, and focal def
31.5 km. The vertical component reaches the largest peak value as ¢hasacteristic of the

sources for a subduction zone.

Figure 7.12 (left) The three components accelerograms along the profile. (right) The res
spectra ratio (RSR) versus frequency and epicentral distance along the profile.
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The local response at a given site is estimated by evaluatinggghense spectra ratio
(RSR). The RSR is expressed as RSR = RS(2D)/RS(1D) where, RS (2D) is the responsga spect
(at 5% damping) of the signals in the laterally varying local structure, and RSs(ii2 response
spectrum (at 5% damping) of the signals calculated for the bedrock regionahcefenedel.
Figure 7.12 (right) shows the RSR for the profile along the Banda Aceh basin Mathutoff. The
computation is adequate because the high frequencies are not relevarfaiursthece field at the

epicentral distances larger than 200 km.

7.6 Simulation for Strike Slip Source

The strike-slip fault is the controlling earthquake source for PGA on Suragasources
of the dominant PGA for the horizontal and vertical components are fronriteesip fault in the
sourceasshown in Figure 7.9. The source is taken south of the basin at a distancknofadfy
from the nearest seismogram. Therefore, we need to inverse the geometugtofatsediment

geometry as shown in Figure 7.13.

Figure 7.13 (left) The three components accelerograms along the profile (right). The res)
spectra ratio (RSR) versus frequency and epicentral distance along the profile
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For the near-field source, the source represents the Sumatra strike-sl{igtfaadt313%4, dip=72%4,
rake=168%4), magnitude M=6.5, and focal depth = 20.0 km. Because of the short epicantal dist
the high frequencies are significant and the simulation of the syntkee&tioagram is made with a
cutoff frequency of 1Bz. Because of the limitation in the knowledge of the source and the
structural models, we trust the result untizsas shown in Figure 7.14. Because the simulation is
running with the inverted basin geometry, the resultant response spectra rasarpletted again

to its original position, see Figure 7.14 (left). The result shows that ihesvaf RSR depend on the
site where the seismic energy enters the basin. This effect is rétathe strong amplification
(polarization) of the waveform and the strong damping effect of most energy gdhmeentary

layer.

Figure 7.14 (left) shows the response spectra ratio (RSR) versus epicentraledastangs the
inverted profile; (right) shows the inverted plot of RSR versus epicenterahakstlong thi
inverted profile and it became easy to compare with figure 7.12 (right) beoaunge sam
geometry of basin.
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The RSR are summarized in Figure 7 14. For the vertical component, the \algest (a
factor of 14) occur at frequency less thaHZ In some areas, e.g., at the edges of the local model,
the frequency of the largest values is higher th&tz.1The pattern of the RSR is quite different in
the case of radial, but it is similar to transverse component. In thevdraascomponent, the
amplification is stronger and occurs within the frequencies between 0.8 ldrndFor the radial
component, the largest value (a factor of 5) occurs along a wide range of frequefative to the
two other components.

The loose soft alluvial sediments underneath the Banda Aceh city anaitnéactor behind
this potential damage because they may not only affect the verticplooenmt but may greatly
polarize in the horizontal plane (amplify) the ground motion, as demonstrated lgotige ground
motion model. The largest amplification is generally concentrated alomgi¢fes of the graben and
occurs at frequencies between Bband 2Hz.



8. Conclusions and Suggestions

8.1 Conclusions

Although widely used, the PSHA method gives a less accurate pictutee gihysical
processes behind an earthquake. The official seismic hazard map for Indmohsitng Sumatra)
is producedvith thePSHAmethod by taking into account the updated seismotectonic data, the new
fault models, the implemented new GMPE as NGA, and theathadismic sources based on fault,
subduction, and background zones. Due to the absence of GMPE developed using themyath obs
directly Indonesia as well as the disruption of the tensor nature of earthguaked motion,
predicted by continuum mechanics, in the computed strong motion, caused by the addpgésa of
relationships, there is a need foreliable and rigorous definition and characterization of seismic
hazard parameters.

A more adequate definition of the seismic ground motion can be given BPBIA method,
which is based on the possibility of efficiently computing realisticlstit seismograms by the
modal summation technique. NDSHA has been applied in many countries (Paihz2@13) for
some 20 years and has not yet been contradicted by any observation. NDSHA e bkxgred
to naturally supply realistic time series of ground shaking, including relestimates of ground
displacement readily applicable to seismic isolation techniques. TH&HN procedure, which
represents a drastic enhancement of DSHA, permits the timely incorpomaidhey become
available, of new geophysical and geological data, as well as the atfonnirom the different
Morphostructural Zonation (MZ) developed for the space identification of potesttiahg
earthquake sites in historically seismically quiescent areashidlleads to the natural definition of
a set of scenarios of expected ground shaking at the bedrock. At the local fectder
investigations can be performed taking into account the local soil conditoosjer to compute
the seismic input (realistic synthetic seismograms) for engineering snafyelevant structures,
such as historical and strategic buildings (Panza et al., 2013).

Sumatra is among the most active regions in terms of earthquakes, owhegctmtluence of
multiple plates moving at very high relative speeds. The earthquake aatioiigd Sumatra has
multiple sources: thrust earthquakes on the subduction fault, strike-slip earthquakthe
Sumatran fault, deeper earthquakes within the subducting lithosphere, and vodctrgoakes.
The first step of any seismic hazard assessment is the idatgificof seismic sources that can

affect the area of study. This step neadsaccurate earthquake catalog as complete as possible.
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One of the important advantages of NDSHA is that it is not necesamyolve the earthquake
recurrences nor the Oreturn periodO, which, due to the sporadic occurrence of larg&esaréngua
subject to large uncertainties, the former, sqghysially rootless, the latter.

The USGS catalog, in this study, is combined with the catalogs from litregdd. (1998),
ISC, BMKG and Pesicek et al. (2010). In order to improve the poor earthquake catalog for the
Sumatra fault, the earthquake information from geological investigationswidgtg and Triyoso,
2007) is used. In order to combine several earthquake catalogs compiled by difiérerd with
different details and completeness, we developed an updated selection procetines namely
eqc4select.exe. This selection procedure is very useful to deal with hagsetlatwith different
formats, and it is useful to remove any error from the data if they are not in ther peoyge. The
selection procedure redetsignificantly (about 50%) the number of events from 25910 records to
13317 records.

Sumatra is surrounded by several kinds of faults: subduction, strike-slip, spreatéing, i
plate from the Ninety East Ridge and the Investigator Ridge. Based on theidesetting,
seismicity, and the similarity in the spatial distribution of focachmnisms, we defined 15
seismogenic zones for Sumatra: each zoneahdifferent level of complexity. The zones that
contribute high hazard are Aceh, Semangko, Krakatau, Meulaboh, Padang, Nias, Méerttawai
zones that contribute moderate hazard are Lokop, Inter-plate, Medan, and Paldfitzdiyg the
zones that contribute low hazard are Java Sea, NSR, Sunda Trench, and Jakarta.

NDSHA can provide strong ground motion synthetic seismograms baseckalmstic physical
simulation for each source-receiver path. In order to reduce the number of compatation
uncertainties of the earthquake catalasmoothing procedure is needed (Panza et al., 1990). By
applying the standard smoothing procedure (OS) to the selected earth{&8r) reduces the
required source definitions to 2612.

Due to the complexity and variety of the seismogenic zones in Sumat@ptibres and
features provided b@S are not sufficient to handle the complexity of Sumatra seismogenic.zones
Therefore, we developed an enhanced source definition procedure (ES) by tiskigle user-
friendly configuration file, the setting parameters per polyg@moothing radius unit in degree or
cell, the partitioning or transparent effect by grouping zones, the geometrgaituaa smoothing,
the magnitude rangkmitation, and the ellipsoid geometrical smoothing algorithm. Besides the
smoothing of the earthquake magnitude, we also enhanced the procedure to deterrfocal
depth from the depth distribution file or from the depth of the maximum magnitutdee cell.
Having the new features and the more control on the individual seismotenboi@@ives us the
details needed for controlling the smoothing process. The challkengse the enhanced source
definition procedure (ES) does not only come from the inerehghe number of parameters for
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each zone but also from the very large number of parameters casbehere many zones are
used. After exploring the hypocenter distribution and slab distribution, finally, weedel5
seignatectonic zones needed for the next step in the hazard computation, whicllledha our
study using theES procedure. Th&S algorithm can reduce the number of the source from the
standard smoothing of 2612 records to only 1776 records.

The realistic estimation of seismic hazard needs earthquake soodet and medium
structural model accucg as much as possible. NDSHA can provide the strong ground motion
parameters based on the realistic physical simulation of the seisae propagation within the
structural model i.e. density,pVVs, Qp, and Qs. The information of P-wave and S-wave is taken
from Pesicek et al. (2010) and Widiyantor (2008), respectively. And for the upper part of the
structural model, we take the information from LITHO1.0. In order to have an optiraarber of
structural models, we rotated the cellular grid by 54% with respect to tietmast the number of
the polygons is 49: 14 polygons for thmallislands and 35 polygons for Sumatra.

The NDSHA computation is run using synthetic seismogramsaamsiv version of the
parametric testing programas developed with several features with a user-friendly configuration
file and with a support for handling an extended source parameter. The prograntdetidcee
provide an input for the modal summation computation and to produce the strong ground motion by
taking into account the angular radiation pattern.

We validated the results against the shaking map and the observedrteadaen from
the Takengon earthquake (occurred on 2 July 2013) with a magnitude of 6.1. The comparison
showed a satisfactory agreement with the estimated value from NDSHAstaking map from
USGS and the observed intensity. The waveforms from the observed accelerograms and
seismograms are more dispersed than those from the synthetic seismdguaimsdisperse
difference took place because the synthetic seismograms were compuatédddonensional rock
structure without taking into account the factors in scattering andffgte. & he length of the coda
durationwascontrolled by the site effeet alocation station. The station located @hedrock is in
good agreement with the theoretical synthetic seismogram.

The enhanced source definition (E&)s applied with the original version of the standard
path generator (OP). The use of the enhanced source definition produces PGD)iPB&Ads
very similar to whais produced by the standard NDSHA package. The PGA produced QPES-
shows a relatively significant decrease at near and farwitieis the Sumatran fault system (e.g.
Bangka Island) in comparison with the PGA produced using the standard package O8sOP. T
could be because in the enhanced source definition procedure we ledntihel minRun &

minimum magnitude run for each site) for each seismogenic zone individually.
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The PGD and PGA computed by the enhanced procedure ES-OP are more rkalistic
compared with the values obtained with the standard procedure OS-OP. Thehesaslithat the
estimated PGD using the ES-OP at far sites, relative to tHegeakie sourcess dominated by the
distant subduction source, while using @8 OP leads to that, the faeismicsources-receivers are
not considered in the computed PGD at distant sites (PGD from near sisuotdy registered).
This is due to the magnitude distance threshold being used by the original wErdi@BSHA.
However, the estimated PGA based on ES-OP and OS-OP shows alnszshéeesulin a small
source-receiver distance. This result is more reasonable because the gnlsductie can generate
a larger magnitude than the strike-slip fault; thus, it can affect Balsiggad with significant
impacts,whereas the strike-slip sources cannot.

The dominant period in the computed PGV by the ES-OP is relatively mdtersdaif
compared with the dominant period of PGV produced by OS-OP. One possible redmsrths t
ESOP has no fixed source of depth (the magnitude depth-dependent source) if complaeed to t
standard OS-OP. The enhanced source definition ES-OP obviously uses theeédtca depth
from the enhanced smoothing procedure while the standard OSe®thnee different magnitude-
focal depth with varied threshold values (10km, 15km, 20km).

We succeeded in updating the path generator (UP) to adopt the user-friendly configuration
file and to handle the problem where the sources are not registered in theefaers in Bangka
Island when using the medium range of the magnitude distance threshold R2 (M7.8.arithive
arange of 300km and of 400km, respediyeWe can verify this fact by using the same input for
the original and the updated version. The result sheowsry small differene between the map
computed using the updated version@®UP and the original version d@S-OP with a path
definition. The MIS feature in the updated path generator allows the redattioem computational
time significantly. For the distance-magnitude threshold R3, the result froroa@fdt be used
anymore even if it produces the number of paths half compared to the numbepathihéheJP
produces. The comparison of the computation time for UP with threshold R3 aD@ théh the
standard threshold shows a significant decrease of the computation@byiméactor 4.5) with no
loss in the accuracy of the prodadGA.

The PGA estimated by the standard NDSHA with 10 Hz cutoff is hitjaer the PGA
computed from PSHA at PE 10%. The comparison betweerP8A map computed at 2%
probability of exceedance and the NDSHA map shows thaP@®& computed by NDSHASs
greater in value than the PGA estimated®8HA at the nearest sites, whereas the opposite is true
in the case of the distant sites, relative to the epicentralndestaAccordingly, the NDSHA
calculation for Sumatra gives reasonable result in respect to the adopted magnitude distance
threshold. The result is reasonable because the standard NDSHA is produssagbg realistic
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physical simulation of the seismic wave propagation.

In this study, we applied the hybrid method to investigate the site-spmaaficzonation of
Banda Aceh, the capital city of Aceh Province, after we improved the tiwfimf the structural
model. Additionally, ve defined the mechanical properties of the sedimentary layer of the Banda
Aceh basin in reference to the nearest available seismic profdepétforned two earthquake
scenarios, which are significant to PGD and P@#h the city of Banda Aceh. In some areas, e.g.,
at the edges of the local model, the frequency of the largest valoighés than 1 Hz. The loose
soft alluvial sediments underneath the city of Banda Aceh are the ataom behind this potential
damage because the sediment may not only affect the vertical componalsobgrteatly polarize
the horizontal plane, which in turn amp$ the ground motion, as demonstrated @gtrong
ground motion model. The largest amplification is generally concentrated aloregldbe of the
graben and occurs at frequencies between 0.5 Hz and 2 Hz.

The entire research process of this study can be summarized as shoguren8FL as the
NDSHA method was done in two different scales. The regional scalejrgp\®umatra, uses the
seismogenic zones taken from the earthquake catalogs and the smoothing sboitoen de
enhanced procedure, the regional data structural models in 1D. Then we testedlifaet the
modal summation method using a single source, which was run with an updatetkfpation
based on many sources. The result was the NDSHA map of Sumatra. Onethbaoid, the local
scale, covering Banda Aceh city, uses a specific site taken from dhe wfany sources that was
done the updated path definition of the regional scale. Additionally, we adsbtlis local data
structural models in 2D by running the local scale hybrid 2D method across sssieckd
sources. The result of the local scale computation is the microzonation map of Banda Aceh City.

8.2 Suggestions

The NDSHA method is still evolving, and the computer asdgeing improved constantly
sinceits conception, to accommodate the demand for the realistic ground shaking mape and
ground shaking scenarios, at different scales, by incorporating all relevant progresbes
knowledge of geological processes and their numerical modeling (Panza et al., 2012).

Adding the feature of the updated path generator sndakmossible to combine 10Hz and
1Hz computation in a single program run by adopting different cutoffs: 10Hznfear source and
1Hz foradistant source. Moreover, the standard process for calculating the synthetmgsais in
hazard computationantake a lot of space in data storage (hard disk) and consume a considerable
amount of time for an 1/0O process. If the server is using an I/O network| itlke more time for
sending the data via the network. The updated procedure for hazard computation should be
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modified by completing the process of modal summation, rotation, and scaling aeteting a
significant seismogram in a single process per receiver. Such an impriweitheeduce the use of
data storage and computational time significantly.

Future studies could be devoted to better characterize the structural ,neodeldy
modeling the regional surface wave tomographySumatra to improve the computed synthetic
seismograms by including the oceanic-continent paths and implementing masgcreatended

source models to deal with mega earthquakes.

Figure 8.1 Summary diagram work flow for NDSHA: regional scale for Sumatra Island
and local Scale for Banda Aceh City
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