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Ahstract

Of all natural disasters of the twentieth century, earthquakes caused the largest
amount of losses. Although the number of carthquakes remains fairly
unchanged, the loss of properties ood humoen Dives in orecent periods has
increased manifolds due 1o inereasing congentration of human population and
urbanisation in earhquake-prone areas. Recent improvement in documentations
and computational facilities, however, allows for the preparation of seismic
microzonation maps of such areas for urban planning and canthquake mitigation
purposes, This paper discusses the development of seismic microzonation maps
for Banda Aceh which Bes close 1o the Sumatra Subduction Zone and the
Sumatran Transtorm Faulis, making the city extremely vulnerable to earthguake
huzards. The development of the maps employs Geographic Information
Systems (GIS) techniques that make use of several layvers of parameters
mfluencing earthquake hazards such as scismological data, faults, tsunami, et
andd sife choractenstic data such as soil type, groundwater distnbution and
depth, geclogical and geophysical data, The seismic microzonation mps
incorporate varous seismic hazard maps including ground shaking hazard map,
liquefaction susceptibility hazard map, Iandshide potential haeard map, surface
faulting hazard map and tsunami hazard map. The final composite map
identifies zones with vanous deprees of hazards which will enable planners to
pvert hazardous locations during site selection processes, thus reducing losses,
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INTRODUCTION

Earthguake is one of the most devasieting nofural disasters which can couse
severe impact on human life, loss of valuable goods and massive damage to
structunes  such as buildings, trunspodation svslems and  commumcation
systems. It can even lepd to total devastation of cities. There are many
earthquakes that are well known not just for their magnitude bul also for the
domage and casualties they caused. A compendium report on the significant
carthquakes worldwide, from the oldest to the most recent ones, lists the
tremendous loss of lives and property dumage caused by carthquakes (Chen and
Scawthom 2003) The damage cavsed 15 not only dependent on the magnitude
oif the earthguakes and the distance from the epicenire, bul also on the level of
socio-economic activities in the area. Though thie number of incidences of large
carthquakes has remained fairly stable, the recent magnitude of losses of
properiies and human  lives has  mereased  remendously  due 1o the
mtensification of urbamsation and economic activities, especially i larger
urban aress situated in suseeplible regiond. However, mlense urbanisstion alone
15 nosk a single most mporiant boetor singe e level of earthguake preparedness
can, on the other hand, lessen the tmpact. Developed countnes that have in
place more sophisticated warning-gysiems and stricier building codes az well as
restrictive land wse zoning are less susceptible and more resilient o earthquake
damoge compared o underdeveloped countries, given the same magnitude of
garthquakes (Westen 2002, Walling and Mohanty 2008 Thus, it s therefore
crucial for these underdeveloped countries to determine what kind of pre-
dizasier inttiatives can help mitigate disaster risk, especially in urbun areas,

Although the occurrence of carthguakes is inevitable, the social and
economic sothacks Tfollowing the occurrence can be reduced  through o
comprehensive assessment of the seismic hazards, Mosi countrigs that are
susgeptible to eorhguakes have developed seismic zones which hive been
regarded as 2 basic wol for earhquake damage mitigation (Coburn and Spence
20012; Roca et al, 2006; Ansal et ol 20008 but ihese are deemed inadequate for
planning purpases as more detailed assessments are needed. A more: detailed
SERSIMLe sonalion of seismic microzonation meps are able W provide 8 more
detailed  assessment of potential earthguake effects which include  ground
shaking, lguefaction, landshide, sorface [aulting and tsunami susceptibilities
which are more useful as guidance (o urban planning and development. At the
urban level, the identification of relative hazard variations due 10 differen
carthguake chamcteristics can be wsed to introduce carthgqueke effects as a
relevant factor in land use planmmge and mumagement,
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Looking back at the mega carthquake that streck Bande Aceh in
northern Sumatra, Indonesia on December 26% 2004, we cannot help but think
that the vulnerability of Banda Aceh to earthquake hazards underlines the value
in considering risk mitigation measures for future development. Thus it is the
aim of this study 10 develop 8 comprehensive seismic microzonation maps of
Banda Aceh using Geographic Informstion Systems (GIS) coupled with the
Analytical Hierarchy Process {AHP). The final composite map will provide
guidance fo urban planners in deciding on the potential location ol futune
development based on hazard nisks

EARTHQUAKE HAZARD AND URBAN PLANNING

The domage incurred inan earthguake depends ot only on the magnitude of the
earthguake but also, to a large extent, on the medinm through which the seismic
waves propagate and the socio-economic development of the affected
settbement (Pares el al, 2001 ), Hough and Bilham (20057 gave o simple relation
discermng between the earthquake magnitude since 1900 and the number of
deathe per earthgquake but the consequences of large earthgquakes depend on the
proximity o wban areas, valnerability of the dwealling imhabitans, time of the
day and on the encrgy released (Figure 1)
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When disasters strike citles, 1he effects can be worse than in other
environments, and it 5 the poor amd marginalized communitics in the
developing countries that face the greatesi nsks (e Blakie et al, 1994;
IDNDE 1990), With growing urbamisstion and ingreasing occurnenees of small
and large-scale disasters in urban areas, years of development efTort and labour
wre: continually being destroyed and eroded (Sanderson 20007, Maskrey (UINDP-
BCPR 2004) puts it best when he stated: “The wend i3 for the risk 1o become
urban™.  Increasing natural disasters in wrban areas are contimuously testing our
pubhc polcies and disaster respomse mensures bevond their capncities ( Matchell
T4,

In response 1o this development, it s essemlial 0 determing effective
pre-disaster initintives that can help to mitigate disaster risk. However, those
invelved in nsk reduction and planning issucs are nol fully aware of the
interconnection  between planning and the occurrence of natural disasters
(Wamaler 2004). This results in fow initiatives being developed, which would
imtegrute both fields. According to Pelling {2003 ), urbanisation affects disisters
Just as profoundly os disasters can affect wcbanization. Ino addiion, rapid
urbanisation i85 o factor that calls for constrection of mega structures, and the
main reason for homan loss and properly damage s lack of due considerabions
on the importance of adequate preparabion for possible hazards, In many
developed countries, however, improvements in methods for nsk reduction,
together with good plinning, have greatly reduced the volnerability and nisk of
the population (Velasgquez ¢1 al. 1999), The city of Tokyo, for example,
promotes “disaster-proot’ urban planning” snd prescnibes regulutions on the
implementation of “aréa svulnerability assessments” (Velosques ef al, 1999, An
example from the developing world is Cuba, where national fand-use plarming
and management are micgrated o nsk reduction considerations (UN-ISDR
2002},

Planning process marely includes measures needed in reducing hazards,
and comsequently, natural disasters would resull in severe econoimic and human
suffering, Right from inception, planners and decision makers should evaluate
natural hagards as they do in preparing investment projects and promote ways of
avoiding or miligating damapge cavsed by naluesl catasirophic events, Adeguate
planning can minimize damage from natural eatastrophic events. Integrating
natural hozards management into development plonming con pck wp the
planping process in the aren and thes redoce the mpoact of nafural hazards
(OAS/DRDE 1991).

Site selection is the most important stage in planning a setlement or
constructing a building in an carthquake-prone arca.  Evaluation of the degree
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of earthquake hazard should always be part and parcel of the general sie
evaluation and of the design requirement of any structure to be erected on such
sites. A perfect stie is almost none existence, thus the likely nsk of carthguake
hazards on & site and the costs of designing (o minimize adverse effects from 1
should be considered, Unsafe sites should be avoaded, because the mitigation
cosis are likely fo be exorbitant,

Mapping of earthquake hazards at the regional or urban level makes it
feasible m the selection of relatively less afTected sites Tor the distribuizon of
suitable land uscs, Patterns of urban development can be onented toward these
relatively less uffected regions o reduce likely earthquake damages. For this,
seismic microzonation is a Tfundamental tool for structural desieners  and
builders as it enables them to expect predicaments related o amplification of
ground shaking, liguefaction and landslide susceptibilities {Ansal et al. 200%).
The design leadimg and other imputs for the structueal design of buildings should
bo provided as part of the information derived from the site nssessment. Mostly
this process 15 very much facilitated through the use of @oning map and other
additional procedures addressed by pre-determined code of practice. In a
situation where such code s not available, 2 more meticulows analysis is necded
(Caburn and Spence 2002

Seismic waves gencrated at the earthquake source propagate through
different geological formations until they reach the surface at a specific site,
The travel paths of these seismic waves in the uppermost geological layers
strongly affect thewr chamcteristics, producing different effects on the
garthguake motion ot the ground surface (Figure 21 In general, thicker layver of
saft, unconsolidoted deposits tend to amplify selectively different wave
frequencies. Om the other hand, the local topogrephy con also modify the
characteristics of the incoming waves, leading to the so called wpographic
effects. Soil and topographic effects are considered under the general
denomination of local site effects. Beyvond these effiscts und under cortain
circumstances, induced effects may occur for large amplitude incoming waves,
among which are slope instabilities (landslides) in mountainous area and
liquefaction in recently deposited sands and silis area (Figure 2).
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Floune 3: Taunnmi effects in Banda Aceh earilwyuake, 2004
L Moew JAEIS

Within o moreé generalized sceope, active Faulling should alsp be
considered, In addition, permanent differentinl displacements and near fauli
effcoty are other important issues to be recognized, Earthguake induced tsunami
is also considered in the coastal area, espoectally the site near o the faolt rupture
i osea bed (Fieure 33 Inomany poast ol cecent garthaquakes, i has been
observed that the local site conditions, 1o, s0il and topographic effocts, as well
a5 mdvced effects, have o great influence on the domage distnbution, L s
thirrefore, very important o ke mie necount wnd prediol these possihie local
gite effects when assessing the eanthguake harard st regional and local scale.

Seismic Micricoomudion

Belsmie mucrosonation can be defined as the subdivision of a region that hos
relufively similar exposure fo various earthgquoke-relaled asclivities or the
identification of individual areas with varying pedentials for earthquake effects.
The underlying concept arises from the et that the effects of surfnce geology
o seaste motion could be Considerably large, Several studics on devastating
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earthquakes have demonsteated o large concentration of damage in specific
argas due o site-dependent factors related 1o surface peologic conditions and
local soils altering seismic motions (Math et al. 2008),

Various approsches are currently being applied for micromonation
studies. Expenimental  dechnigues, fogether with  theoretical  approaches
imvolving ground motion modelling under different hypotheses have been used
o classify urban areas o cones with  different  earthguake  response
charcleristics. Microzonation 15 normally classified into three Tevels (TC4-
ISSMGE 1999

u) First grade (Level |) map prepared with a scale of 1:1,000,000 —
[=50,000) showing the seismic hazards sssessed based on the histoncal
carthquakes and existing mformation of  peological and  geéo-
morphological maps,

by Second grade (Level [1) map prepared with a scale of 100,000
21000 showwing the seismic hazards assessed based an the micro-
tremar and simplificd geotechnical studies.

¢l Third grade {Level I map prepered with o scale of 1225,000-1:5,004
showing seismic hazards assessed based on the complete peotechnical
investigations and ground response analysis,

The three levels are calibvated with respect to their specific wse and
refevant ohjectives. For vast area land planning the first level is sufficient, while
level 2 or level 3 are usually needed for securate urban and emergency planning
and fior structural design (Daolee 20025 The key issue aftecting the applicability
and the feasibility of any microconation study 15 the usability and reliability of
the parameters selected for microzonation. The locations of concern, for which
the preparation of seismic microzonation is most needed, is the wban or
upcoming urban aren that falls under the high seismic hoeard rone; and
locations with moderate (or low] hazand but with potential amplification due the
local geological conditions. The pattern of damoge due o an esrthguake
depends largely on the locul site condition and the social infrostructures of the
region, the most important condition being the intensity of ground shaking at
the time of the carthquekes. Contrasting sessmic response has been observed
evien within a short distance over small changes 1 the geology of the site,
Moreover, designing and constructing structures on all sites o withstand
conceivahie fudure carthguake is economically not viable. As such, m terms of
land-use  management or  cityfurban  and  regional  planning,  selsmic
microzonation map can be regarded as an approprigte fool o minimize the
impact of earthquokes.
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THE STUDY AREA

The study arca covers about 1160 km™.0t includes the city of Banda Acch
(Banda Acch Municipality) which s an area of 60 km® and 1100 km® or half of
the area of Great Aceh Regency |Figure 4). Banda Aceh is the provincial capital
pid the largest city in the provinee of Aceh, located on ihe nonbern maost ip of
Sumatra [sland, Indonesia. It is the most populous city in the region with the
highest concentration of human activities and manmade structures, paricelarly
along the eastern coasthines of the city, Tt serves a8 the principal sdministmtive,
commencial, educational and cultural centre of Aceh Province, Banda Acch is
located on latiiude between 957 |6 15" - ©5° 27' [5" East and longiiude
between 057 |6 13" < 57 36" 167 North,

Figure 4 Locition of the study area
St s e e oot my - Acversed Aprd XHE

Topographical and Geological Setiings

Bunda Aceh 15 located on the delmic plain of Aceh River (Krueng Acch). The
city stands astride the broad valley of Aceh River which Nows between the low
Tertiary and Quaternary volcanic hills to the east and Cretaceous limestong hills
o the west (Figure 51 The valley itsell s filled with relatively recent alluvial
and marine sediments (o depths in excess of 179 metres (Culshaw et al. 1979).
These were deposited in a graven structure formed between the main Sumatran
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Fault System. The valley is relatively low lying ground with little relief in the
lower part of the valley, and relatively higher refief in the upper part of the
valley, much of the land 15 &l less than 3 metres above sea level. The deltac
plain emerged mainly as a wide idal area spreading over 1 — 2 kilometres to the
coast with elevation 0 — 3 metres obove the sea level. However, terraced areas
i1 the eastern and western margmns rise 10 over 30 metres. The deltaie lowland
and beach ridges are occupied by houses while the Bande Aceh urban orea is
Incated on the deltmic plain in the central part of the coastal plain (Umitsu et al.
2006).
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Figure 5: Topography of the study anen
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The oldesi rocks in the Banda Aceh area are limestoneg, slates and
phvllites outerops on the west side of the Aceh River valley. These are of
Cretaceous nge and form genemlly steep mountains at the northemn end of the
Barisan mouniains range thot runs the length of Sumatra Island, The limesions
is fairly massive but moderately weathered. The cast side of the valley is
flanked by extensive deposits of andesitic tufts and subsidiary fows, some
probably water lain (Culshaw et al. 1979), These depassis and their parent
volcano, Sculawah Agam, lic on the line of the castern Sumatran Fault, & splay
ofl the main fault system.

The valley can be divided into three areas on the basis of the location
and distnbution of the deposits: the lower part {the coastal nrea), the middle pat
{along Aceh River) and the upper pan (higher alluvial surface and terraces), The
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most northerly area (coastal area) consists of five to six Kilometres wide coastal
strip, with o series of ancient sandbars, running sub-paraliel (o the coast These
congist mainly of brown to grey, moderatcly weathered, fine to medium grained,
sometmes: silty sands. Weathenng exiends o o depth of about 2 metres. The
litholopical composition of these sandbars i very similar to that of the modern
beach sands on the coast and to sand deposits in the channel of the Krueng
Aceh.

Sefsmiciiy of the Region

Indonesia has been well known as one of the most seismically pctive couniries
in the world. This is due te its location as it is surrounded by four major active
tectome plutes of the earth: Euro-Asian (Eurpsian), Indian-Aostradian, Pacilic
anid Philippine plates, The location of Banda Aceh near 10 one of the mos
seismically active plate, the subduction wone of India-Australian  Plate
(Sumaimn Subduction Zong) (Lochanasen eb ol 1999, and very close (o the
segmenis of Sumatran Transtorm Faoult {Aceh and Seulimeum segment), makes
it vulnerable to earthgquake hazsrds. The study of probabilistic seismic and
tsunami hazard gnalysis of Banda Aceh by Sengarm en al. (2008), based on
instrumental and  historical data and  potential magnitude  estimated  from
geometry and ship mie of the plates or faults, assigned the Moment Magnitude
(Mw) of earthguake in subduction wone thal could geer uanam af Mw 9.3 in
520 years return period, Mw 8.5 in 250 vears return period, Mw 8.0 in 120
years returm pertod and 7.5 50 yeans return period.

Thie Sumatm subduction sone 1% & very active feature that has ruptured
237 ez with magnitude greater than or equal o Mw 5 within the past 36
vears | Petersen et al, 20040, Four past major earthgqeakes that were recorded
were two n the [RO0s i.e, Mw of 875 in 1833 and Mw of 54 m 186]1; and
prgther two in recenl yvears e Mw of 9.3 Aceh earmthguake 10 Dee 2004 and
Mw ol B7 MNias earthguake in March 2005, The locstions of these four
carthquakes including the mpture zones are shown m Figure 6. The low-lving
ity of Banda Aceh was one of the worst alfeeted repons and expenenced
magsivg casiealties and desiruction of properties, as it was close (ca, 150 km) 1o
the source of the carthguake. The tsunami Hlow extended mland towards the
centrnl and wesiém parts ol ihe Bands Aceh plains for spprosimately 4 kmtoand
about 3 km towards the eastern pant (Figure 7). The tsunami reached a height of
9 meters on the ground near the port of Banda Acch and about 6-8 meters n the
ecastern part of the plain. The loss of buman lile recorded was the highest al
ahaut two-thirds of the todal of 300,006 casualties (Meilianda ot al, 20040},
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A probabilistic seismic haeard anabysis of the Sumatran subduction
sone carred oul by Sun bod Pap (1995) indicated that the recurrense nterval of
an carthquike with Mw 8.5 or lurger that can generate a sunami would be about
30 vears, which comesponded o a 4% probability of meidence within 50
yerrs, Beoause ol the large populsiion thad inhabits (his regon, i is prodent (o
suppest for seismic hammnl analyses be conducted 1o assist in the development
planning for the area

IMPLEMENTATION OF GIS FOR SEISMIC MICROZONATION

The application of technology required to control the effects of natural hazands
comprises three siznifficant elements; prediction, monitoning and salesuarding
fAlexander 1995 Turk ef al, 20010 Tnorecent seacs, difTerent iechnologies have
been developed showing possihilities for a wide runge of disaster management
and hazard matigation (Yilmae 20091, This paper focwses on the apphcation of
GIS on developing seismic microzonation for site selection for the purpose of
urban planning and management. Microzonstion studies is tedious (o perform
by menns of classical methods as i involves volummous data; the reason why a
GIES s needed inoorder o do it accomiely and quickly (Kalat ef al. 200k,
Kienzle of nl, 2006; Math 2005; Papadimitnu ei al. 2008; Tork 2009), GIS hos
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emerged to be a powerful computer-based technique that integrates spatial
snalysis, dotabase management, and geographical visualization capabilitics.
This technology has been widely used in producing increasing numbers of
seismic zone maps for the prediction of earthquake-induced hazards (Kolat et al.
20006; Sun et al. 2008; Grsso and Maugen 2000). Guidelines for setsmic
mierozoning developed in countries such as France (AFPS 1995), Japan {TC4-
ISSMGE 1999) and the Republic of Turkey (DRM/GDDA 2004) show how
GI5 has been employed to establish GIS database as well as penemting seismic
microzonation mape. The microzonation maps consisl of surface faulting map,
ground shaking map, liquefaction susceptibility map, landslide and rock fall
hazard map, and earthquake-related fooding hazard map. In Turkey, a seismic
microzonation level 3 map, is obtained by investigating a point in a grid format
of the siudy area and imported into GIS software, using geo-statistical
interpoladion  technigue (DRM/GDDA 2004} In India, in the abseoce of
puidelings, researchers make assessment based on the theory of seismic
microzonation, data availability and relevant objectives of the map.

Another method adopted to produce a seismic microzonation map is by
using the technigue of weighted overlay. This method assigns weightage to
parameters  such as  séismic  data  (shéar woave  welocity, predominant
penod/frequency, peak ground acceleration/velocity) and site characteristics
dota (bedrock, soil layer (stratitication) and type (classification), groundwater
depth and topography). This method s wsually used for urban and repional
planning (QASDRDE 1991) and broadly wsed in India (Mohanty et al. 2007;
Math et al. 200%; Anbazhagan et al. 2008; Walling and Maohanty 2009, To
conclude, many approaches have been employved in producing  seismic
microzonation maps subject to needs and available guidelines.

DATA AND METHODOLOGY

For the study on Banda Aceh, the seismic microzonation map which has been
developed on a scale of 1:225 000 using ArcGIS ver, 9.3 can be classified as
seismic microzomation level | {TC4-IS5MGE 19997 which s suntable for vast
area planning (Dolee 2002). The seismic microzomation map is based on the
analysis of historical seismological records and  existing  geological,
geotechnical and peo-morphological data. The main data for the map was
ohtained from the Aceh Province's Energy and Mineral Resources Department
and the Development Planning Apency. They camied oul seismological,
geological and geotechnical studies for the region and these complemented by
seismic data from the LS. Geological Survevs, The data was categonzed into
twi main themes; scismological deta, which include peak pround scceleration
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(PCeA), faults, and tsunpmi mundation maps; and the site charactenstics data,
which include géology {zodl and rock formation), lHhology (soil tvpe and
classification), hydrology  (groundwaler guantity and  distribulion} and
topography (contour maph. The expected PGA value in the region varies from
(.05 g to 0,15 g The highest value is on the alluvial sediments especially on the
coastal regiom in the northemn part of the arca which 15 mainly thick clay
deposits. The PGA valves decrease towards the enstern part which {s andesitic
deposits, the western part which is limestone depogits, and the southern part
which s relstively shallow bedrock. The fault map identitics two segmenis of
the Sumatran ronsform foults (Aceh and Seulimom - sepments) located véry
closed 1o the city which implies hard shaking and surface faulting potential
along the faulis.  The tsunami inundation mop was made based on the historic
tsumanm occurrence and have been stdied previousky (JHCA 20015; Borren
2005, Umitsu et al. 2007; Takahashi ¢t al. 2008; Lavigne et al. 2009)

The seismie micrezonation mop 1% developed by st idenhBang the
hazards caused afTected by an carthguake m the mea which area ground
shaking, hguefaction, landslide, surface faulting and tsunamis. The parameters
or criterin and sub eriteria for each type and sub criteria for cach type of hazard
are consequently determuned,  The purameters and their values can be seen in
Figure 8. Ground shaking boeard map, Bguebiction haeand map and landshde
hazurd map are created by using weighted overlays of parameters that influence
the level of hoerds.  This process employed Saaty’s (1%80) Analytical
Higrarchal Process (AHP) The AHP wses hierarehical struclupes o reprosenl o
problem, and there after develops priorties for the aliematives based on the
consensus judgment. The techmigque utilizes organized prionty in terms of
welghts assigned tooeach criteria or themes, which could be easily incorporated
o the thematic layers on a GIS platform. The weighting activities in mulri-
criteria decision-making nre effectrvely dealt with hiererchical structunng and
pair-wise comparisons wherein the judgment between two particular elements is
Formulated mther than prioritiee an entire list of elemeonts. The process involves
construction of a meins of par-wise compansens bebween the factors of
adopted  parameters  depicting  relative importince based on the  assigned
weightage,

The highest weight is given to the PGA (0.4) as it is directly related to
the ground motion and contnbules mone o the seismie hazard, (ollowed by soil
clazs (0,35 geology (0.2) and growndwater (001 {Math 2004). Bank value 1s then
dotermined for each sub-griterion. For example in spil-class, unconsolidated soil
(solt soil) has worse impaet than depse sl or rock. The weight and rank value
are wsed as input in weighted overtay analysis (Malceewski [%9) 10 peserate
the ground shaking hazard map. The surface fulting hazard map is created by
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caleulating the distance from the faults and reclassifying the distance into
different hazard levels while the tsunami hazard map s penerated by
reclassitving the historic tsunami inundation map.,
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Tahle |1 Hazard Arens Generated by Virvous Haeards Maps

High Hazard Area Ml Huzard Low Hazard

Hhectares kL Hetarcs M Hectares | ™
ditvainal shaking mup {155 58 5 | 3045893 | 28570 | ®1737.47 | 8402
Ligustzction map 245181 z BT AR .23 B1.737.47 [ 5068
Landlslidde tmzard mop 4,142.73 35 | 464000 2154 AL EY | T5.66
Surfnce laulting 20, T IS I75 WISIR40 | H2SN
Tramam inumdatian 6,534,465 -5 5 I A1 6,77 10371187 | #7351

Table 1 shows the total sress in term of hazard level penerated by
vanous thematic maps. In general, relabively large proportion of areas; 1.e.
approximately 70% and more aré classified s low hazard 2one. The area
around the eity centre, which is located on recent alluvial plain and smounts to
aboul 5% of the whole area, has been identified as & high hazard 2one and will
be maost alTected by pround shaking, While the valley along the river, which is
on predominantly old alluvial plain i\ categorised as medium hazard zone and
the hilly and mountain orea, suggesting o dense so1l or rock, 15 categorised as a
low hazard zone. The liquefaction map on the other hand shows only 2% high
hazard zome, which is the beach area that is loested on silty sand with high
groundwater depth; while the areas locsted on sift, mixture of siltand clay with
high groundwater depth are caleporised as medium haeard pone, and arcas
located on clay, clavey sand and rock as low hazard zone. The high hozard zone
in terms of landslides effect 15 on area that hes on massive hmestone with slope
=300 degrees; while the medium hazard zome is alzo locpied on massive
limestone and andesitic s but with slope of between 25-50 deprees, and the
lowy haward sone 15 localed on an older and recent alluvial plain, The surfice
Fwulting susceptibility map is créated by bulfering and classilyving the area into
two hazard zones categones); low hazard {areas =200 meters from foults), and
high hoeard (areas <2000 melers around the foulis). The map shows | 7.5% ol
the area as high hazard and the other 82.5% as low hazard. The tsunami hazard
map is developed based on the tsunami that occurred on 26" December 2004,
The tsuniemi hazird map was classified into three zones: low, mediom, and high
hazard zones, The resulting map shows 5.53% of the area as high hazand zone
or areas having tsunami imundation of more than 3 meters thus experiencing
totel buildhing damage, 6.77% as medium hozard some or areas inundated in 0
2 meters and huving slight buildings damage while the remaining area is
identified as low hasard area. The high haeard rone is located within ) — 2.5
ki inkiand from the coastline; while medium hazard zone s located within | - §
k.
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The final seismic microzonation map is the composite of  all the
thematic maps i.e. ground shaking hazard map (Figure 17), liquefaction hazard
map, landshide bazard map (Figure 18}, surface faulbng hazard map (Figure 19,
and tsunami hazard map (Figure 20}, The final map (Figure 21} identifics areas
with varying harzards levels cssential for land use management and city planning
in order o mitigate the impact of the eanthguakes. The final map shows 28.67%
or 33,897.00 hectares of Bamda Aceh as high hazard zone, 38.00% or 44,935.29
hectares as medium hazard and 33.33% or 39,416.28 hectares are identified ns
low hazard. The knowledze nboul possible disasters and the varving levels of
hazards that might be affecting o region (s invaluable for urban planners in
directing future wrban development to relatively safer areas thus avoiding
insurmouniable damages and casualties.
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Fiygpure 21 Final map showing different levels of hazard

CONCLUSION

Recent earibquakes have had huege impacis especially o developing countries
and most of the blame has been placed on poor plannming and construction
praciices. In disaster susceptible regions the ability to identify and avoid highly
hazardous areas is periinent (o minimize casualties and damages, By using G15,
it is possible to produce a seismic microxonation map that analyses seismic risks
{hazards) and thus provides assistance to urban planning. In the case study for
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Banda Acel, u irst level seismic microeonation map has been developed based
on weighted parameters of seismological, geology and topographical featres.

With the microzonation miap it is hoped that future development will be
able o avoid highly hazardous areas of refsted hazards and facilitating safer
building codes and urban planmimg practices. 1 s a ool ciby planners and policy
makers can use o assist in their planning decision or in taking precautionary
masures prior b lthe constroction ol structueres,
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