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Summary

Earthquakes proved to be the most devastating natural disaster with
a high mortality rate and wide spread destruction. Earthquake indu-
ced ground shaking plays a key role in excessive ground deformation
and infrastructure damage, and in triggering secondary hazards such
as landslides, flooding, tsunamis, fire and liquefaction. The intensity
and duration of an earthquake induced ground shaking depends on
magnitude, depth of hypocenter, medium traversed by seismic waves;
and physical and geotechnical characteristics of the site. These factors
control the spatial extent of earthquake devastation. The spatial varia-
tion of ground shaking at local scale is predominantly determined by
the variation in physical and geotechnical characteristics; also denoted
as site effects. Evaluating site effects is of crucial importance for seismic
zonation and formulating earthquake mitigation strategies for pre and
post disaster scenarios. Site effects are often represented by evaluating
the influence of site-specific geology, geomorphology (regolith cover)
and topography.

Existing models such as USGS-ShakeMap and PAGER respectively
produce ground shaking and expected damages in near real time. The
spatial resolution of these models is, however, at a spatial resolution of 1
km which is of limited use for assessment of local seismic amplification.
On the other hand, high resolution amplification models (at a scale of
1 meter or even less), which are devised for engineering purposes, are
often limited to a specific site and have a reduced spatial extent.

This study aims to cover the gap in between these two extremes to
use relatively fine resolution remote sensing data (30 meter) to derive
topography, regolith thickness and the average shearwave velocity in
the top 30 meters of the subsurface (VS30) with a regional extent that is
also applicable at local scale. The impact of these remote sensing based
geomorphological and geotechnical parameters on amplification of seis-
mic response will be assessed. The impact of the remote sensing data
resolution and accuracy on the derived parameters and consequently
the derived seismic amplification is also addressed.
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Summary

The study area considered for this thesis is the region comprised
of Muzaffarabad, Balakot and Garihabib Ullah and their surroundings,
located in the seismically active and rough terrain of northern Pakistan.
The study area was hit by the Kashmir earthquake (8th October 2005,
Mw 7.6), which was the most destructive earthquake in the history of
Pakistan, severally devastating the study area and this earthquake is
considered as a case study in this research.

To evaluate the impact of topography on amplification of seismic
response, a variety of satellite remote sensing based Digital Elevation
Models (DEMs) are used. However, the impact of DEM source and resolu-
tion on terrain representation and derived topographic seismic response
is often ignored, these uncertainties in DEM, and how they propagate
in the seismic amplification calculations, will be specifically addressed.
Therefore to evaluate the impact of DEM source and resolution on ter-
rain representation multi-resolution and -source DEMs i.e. SRTM, ASTER
and LiDAR are used. Methodologies are developed to readily derive
the spatial distribution of relevant topographic attributes (slope and
relative height) and Vs30 using the acquired DEMs. It is observed that
even though relatively coarse resolution DEMs underestimate the critical
sites of steep slope gradient and the lower Vs30 zones, DEM resolution
and source has limited impact on the derived topographic seismic res-
ponse. The ASTER and SRTM DEMs are proposed as optimal DEMs for
regional scale evaluation of topographic impact on seismic response.
Accuracy assessment of the ASTER and SRTM DEMs in the study area by
comparing with DGPS data shows that the ASTER DEM shows relatively
higher accuracy than the SRTM DEM and hence is further implemented
for regolith thickness modeling and seismic site characterization.

To evaluate impact of topography on amplification of seismic res-
ponse at regional scale spectral finite element package i.e. SPECFEM3D is
used. SPECFEM first generates the mesh that is comprised of hexahedral
elements covering the area and also incorporating the DEM derived
surface topography. Once the mesh is generated, any previous seismic
event within the study area is specified through the CMT solution file.
Subsequently, the seismic waves are simulated through the mesh to
model propagation of seismic waves and generate the shaking maps.
The ASTER DEM derived topography for Haiti earthquake is used as an
input to SPECFEM3D to generate the mesh. The CMT solution file of the
Haiti earthquake (12 January 2010, Mw 7) was used as a case study. To
get the topography induced amplification map, the shaking maps are
generated once with topography and once without topography and are
used to get the topographic amplification map. The derived topography
induced amplification map shows amplification of seismic response on
hill ridges that is in consistent with other studies.

To evaluate the impact of regolith thickness on earthquake induced
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building damage, a remote sensing based methodology is developed
to model the spatial variation of regolith thickness at regional scale.
Regolith thickness samples are analyzed separately in depositional and
erosional landscape of the study area because of their significant diffe-
rence in regolith thickness. Near surface geophysics (resistivity imaging)
was efficiently used as an alternative to digging for measuring regolith
thickness. A feature-space linear model considering the ASTER DEM
computed topographic attributes and SPOT-5 imagery based landform
map was successfully used to model the regolith thickness in the de-
positional landscape with adjusted R2 = 91.7 % and validation RMSE of
0.26 m. In the erosional landscape ASTER DEM derived topographic
attributes and geology map used in the stepwise regression to model the
regolith thickness resulted in adjusted R2 = 60 % and validation RMSE
of 0.27 m. The comparison of the integrated regolith thickness with
Kashmir earthquake induced building damage data, derived from fine
resolution remote sensing imagery and field visits, shows that at first
order building damages increases with increasing regolith thickness.

Furthermore, a previously published ASTER DEM based method to
generate seismic site characterization at regional scale is evaluated .
Geographic object based image analysis was applied to the ASTER DEM
derived terrain slope to demarcate terrain units of mountains, pied-
monts and basins that are important for seismic site characterization.
Classified terrain units were compared with previously derived field
based landform map resulting in an accuracy of 70%. To evaluate the im-
portance of the classified terrain units for seismic site characterization
and their role in earthquake induced building damage, the classified
terrain units are compared with 2005 Kashmir earthquake damage data
derived from SPOT-5 imagery and field visits. This shows that 81%
of the less, moderate, and severe damage intensity zones correspond
respectively with mountains, piedmonts, and basins. Classified terrain
units were assigned VS30 proposed by other study to generate a seismic
site characterization map at regional scale.

This research showed that the impact of topography, regolith thi-
ckness and seismic site characterization on amplification of seismic
response at regional scale can be effectively derived from freely avai-
lable satellite data. There is only limited need for field data for modeling
and evaluation. The methods developed in the study can be used for
any land based seismically active area.
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Samenvatting

Aardbevingen behoren tot de meest verwoestende natuur rampen met
een hoog aantal slachtoffers en wijd verspreide schade. Aardbeving
geinduceerde grond bewegingen spelen een sleutelrol in extreme bo-
demvervorming en schade aan infrastructuur, en in het initiëren van se-
cundaire gevaren zoals landverschuivingen, overstromingen, tsunami’s,
brand en verweking van de bodem. De intensiteit en duur van aardbe-
ving geinduceerde bodembeweging hangt af van de sterkte, en diepte
van de aardbeving als wel het medium waardoor de seismische golven
reizen en de karakteristieken van de locatie waar de golven aankomen.
Deze factoren controleren de ruimtelijke verspreiding van de aardbeving
schade. De ruimtelijke verdeling van grond bewegingen op lokale schaal,
het zogenaamde locatie effect, wordt voornamelijk bepaald door de
variatie in fysische en geotechnische eigenschappen van het gebied. De
evaluatie van dit locatie effect is van groot belang voor het bepalen van
seismische zones en het formuleren van strategieën voor het beperken
van aardbeving gerelateerde schade, zowel voor als na de aardbeving.
Locatie effecten worden vaak bepaald aan de hand van de invloed van
lokale geologie, geomorfologie en topografie.

Bestaande modellen, zoals USGS-Shakemap en PAGER, produceren
respectievelijk bodem beweging en verwachte schade, beide vrijwel ge-
lijk aan het voorkomen van de gebeurtenis. De ruimtelijke resolutie van
deze modellen is slechts 1 km waardoor het van beperkte waarde is voor
het schatten van lokale seismische amplificatie effecten. Aan de andere
kant zijn modellen met een hoge ruimtelijke resolutie van 1 meter, of
zelfs beter, welke voornamelijk gebruikt worden voor constructie doe-
leinden, vaak beperkt voor een specifieke locatie. Deze studie probeert
om het gat tussen deze extremen op te vullen. Daarvoor wordt gebruik
gemaakt van relatieve fijne resolutie aardobservatie data (30 meter) om
topografie, bodemdikte en de gemiddelde snelheid in de bovenste 30
meter van de ondergrond te bepalen op zowel een regionale schaal als
wel lokaal. De invloed van deze aardobservatie afgeleide geomorfolo-
gische en geotechnische parameters op seismische amplificatie wordt
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Samenvatting

meegenomen in dit onderzoek. De resolutie en nauwkeurigheid van
de aardobservatie data en die invloed daarvan op afgeleide parameters
en de berekende seismische amplificatie staat hierbij centraal. Het stu-
diegebied voor deze thesis is de regio rond Muzaffarabad, Balakot en
Garihabib Ullah die midden in een seismisch actieve zone liggen in het
bergachtige noorden van Pakistan. Het gebied was getroffen door de
Kashmir aardbeving op 8 oktober 2005 die een magnitude had van Mw
7.6. Deze aardbeving was de meest verwoestende uit de historie van
Pakistan en heeft zeer zware schade aangericht in het studiegebied. Om
de invloed van topografie op de amplificatie van seismische signalen te
evalueren gebruiken we verschillende digitale hoogte modellen (DEM)
afgeleid van satelliet aard observatie gegevens. Helaas worden de inv-
loed van DEM bron en resolutie in het afleiden van terrein parameters
en afgeleide topografische seismische respons vaak genegeerd. Deze
onzekerheden in een DEM en hoe die verder propageren in de seismische
amplificatie berekeningen zijn een belangrijk onderdeel in het onder-
zoek. Om dit goed te kunnen doen zijn DEM’s geselecteerd van SRTM,
ASTER en LiDAR.

Een methode is ontwikkeld om snel na een aardbeving de ruimtelijke
verdeling van topografische parameters en de gemiddelde snelheid
van de eerste 30 meter van de bodem (Vs30) te bepalen. We hebben
geobserveerd dat alhoewel een relatief grove resolutie DEM de steilste
hellingen en de laagste Vs30 onderschat de uiteindelijke verschillen in
berekende seismische amplificatie tussen de DEM’s klein zijn. De ASTER
en STRM DEM’s worden gepresenteerd als de meeste ideale DEM’s voor
onderzoek naar het effect van topografie op seismische amplificatie
op regionale schaal. Vergelijking van de ASTER en SRTM DEM’s in het
studie gebied met differentiële GPS data laat zien dat het ASTER DEM
een iets hogere nauwkeurigheid behaald in vergelijking met het STRM
DEM en is daarom gebruikt in de rest van de studie naar de invloed van
bodemdikte en seismische karakteristieken van een locatie.

Om de invloed van topografie op amplificatie van seismische respons
te bepalen op regionale schaal wordt een software pakket gebruikt wat
gebaseerd is op spectrale eindige elementen modellering (SPECFEM3D).
SPECFEM3D genereert eerst een geraamte bestaande uit hexadrale ele-
menten die de zowel de ondergrond als wel de DEM afgeleide topografie
weergeven. Wanneer het geraamte is gemaakt kan de specifieke ka-
rakteristieken van een aardbeving aan het model toegevoegd worden.
Seismische golven worden dan gesimuleerd die door het geraamte rei-
zen en bodemdeformatie kaarten worden berekend. Een ASTER DEM
van Haïti is gebruikt voor deze studie net zoals de aardbeving karak-
teristieken van de Haïti aardbeving (12 januari 2010, Mw 7). Om de
topografische amplificatie te bepalen wordt het model eerste berekend
met topografie, dan zonder en de twee producten worden op elkaar ge-
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deeld resulterend in een topografische amplificatie kaart. De verkregen
topografische amplificatie kaart laat zien dat er amplificatie is op de top
van de bergen wat in overeenstemming is met andere onderzoeken.

Een aardobservatie gebaseerd model is ontworpen voor het bepalen
van de invloed van de ruimtelijke verdeling van bodem dikte op aard-
beving geïnduceerde schade op regionale schaal. Bodemdikte metingen
zijn apart geanalyseerd voor erosie- en depositie gebieden vanwege de
verschillen in bodemdikte. Oppervlakte geofysische metingen (weers-
tandsmetingen) zijn succesvol uitgevoerd als een alternatief voor boren
en graven om de bodemdikte te bepalen. Een ruimtelijk lineair model
voor depositie landschappen is ontwikkeld gebaseerd op topografische
parameters afgeleid van een ASTER DEM en SPOT-5 beelden afgeleide
informatie over verschillende landschapsvormen. Het model kan de
bodemdikte succesvol voorspellen (R2) in 91.7% van de gevallen met een
gemiddelde nauwkeurigheid (RMSE) van 0.26 m. Het model voor erosie
landschappen is ook gebaseerd op het ASTER DEM en een geologische
kaart van het gebied. Een stapsgewijse regressie modellering resulteerde
in een succes (R2) van 60% en een gemiddelde nauwkeurigheid (RMSE)
van 0.27 m. De vergelijking van bodemdikte met aardbeving gerelateerde
schade in het gebied, verkregen door analyse van hoge resolutie aard
observatie beelden en veldwerk, laat zien dat de schade algemeen gezien
overeenkomt met de bodemdikte.

Daarnaast hebben we een reeds gepubliceerde methode voor bepa-
ling van regionale seismische karakteristieken, gebaseerd op een ASTER
DEM, geëvalueerd. Geografische object gebaseerde beeld analyse was
toegepast op ASTER DEM afgeleide hellinghoek om te bepalen welke
gebieden behoorden tot bergen, heuvels en vlak land. De geclassifi-
ceerde objecten werden vervolgens vergeleken met de eerder afgeleide
landvorm kaart, gebaseerd op veldwerk, welke een overeenstemming
toonden van 70%. Om te bepalen hoe belangrijk deze geclassificeerde
objecten zijn voor het karakteriseren van regionale seismische parame-
ters en de relatie met aardbevingsschade zijn de objecten ruimtelijk
vergeleken met de eerder gebruikte Kashmir aardbeving gerelateerde
schade. Dit laat zien dan 81% van de weinig, gemiddeld en hoge schade
intensiteitszones overeenkomen met, respectievelijk, bergen, heuvels en
vlak gebied. Vanwege deze hoge correlatie zijn aan de geclassificeerde
objecten Vs30 waarden toegekend, gebaseerd op een andere studie, om
een seismische karakterisatie kaart te produceren op regionale schaal.

Dit onderzoek heeft laten zien dat de invloed van topografie, bodem
dikte en seismische karakteristieken van een locatie op regionale schaal
effectief afgeleid kunnen worden van gratis beschikbare aardobservatie
data. Er is slechts beperkt noodzaak voor veld metingen in de modelle-
ringen en evaluatie. De methode ontwikkeld in dit onderzoek kan ook
toegepast worden voor andere seismisch actieve gebieden op land.
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1General Introduction

Natural disasters are dynamic and uncertain processes that remain a
threat to sustainable socio-economic development. Increased vulnerabi-
lity of global society is mainly because of concentration of population
in hazardous areas, urbanization, and poor urban planning that resul-
ted in eight-fold increase in economic loss over the past four decades
(Van Westen, 2002). Management of natural disasters remains a big
challenge for scientist and researchers around the globe.

Some of the natural disasters, such as floods, cyclones and typhoons,
can be predicted in advance, providing ample time to the authorities to
minimize the potential damage. However, earthquakes remain unpre-
dictable with the current understanding and technology. Earthquakes
proved to be the most devastating natural disaster with a high mortality
rate and a wide spread destruction (UN, 2009). On annual basis, 70
to 75 damaging earthquakes occur throughout the world (FEMA, 2007).
Therefore it is one of the active and complicated research themes for
the scientific community. Major achievements have been made in de-
marcating seismically active regions, evaluating physical factors causing
amplified earthquake response, formulating earthquake mitigation and
preparedness strategies and constructing shake absorbent buildings.
These accomplishments have resulted in reducing vulnerability and sa-
ving lives, however, earthquakes continue as a challenge for scientific
community.

1.1 Seismic induced ground shaking

Earthquake generates seismic waves that cause ground shaking when ar-
rives at ground surface. Earthquake induced ground shaking plays a key
role in infrastructure damages and triggering secondary hazards such as
landslides, flooding, tsunami, fire, liquefaction and ground deformation.
Intensity and duration of ground shaking are the controlling factors
that determine the magnitude of earthquake devastation. Earthquake
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1. General Introduction

induced ground shaking is often described by amplitude, frequency
and duration. Duration of ground shaking refers to the time period of
sustained ground shaking, thus strongly influencing the infrastructure
destruction. Amplitude of ground shaking is represented by accelera-
tion (peak ground acceleration (PGA)), velocity (peak horizontal velocity
(PHV)), and displacement. Ground shaking with higher acceleration is
predominantly considered to be more destructive than ground shaking
with higher velocity and/or displacement. Instrumentally recorded hi-
gher acceleration during past earthquakes shows significant relation
with higher frequencies of seismic waves and higher velocity and dis-
placement are related to lower frequency content (Kramer, 1996). As
seismic waves propagate from an earthquake source, their high fre-
quency components are scattered and decay more rapidly than their
lower frequencies. As a result, the frequency content also varies with
distance from the epicenter and therefore also infrastructure damage.
This is, however, not always the pattern observed: local site effects can
cause deviations from this generic pattern.

Existing models such as USGS-ShakeMap (Wald et al., 2006) a pro-
duct of U.S. Geological Survey (USGS) Earthquake Hazards Program in
conjunction with regional seismic network and Prompt Assessment of
Global Earthquakes for Response (PAGER) (Earle et al., 2008) respectively
produce ground shaking and expected damage maps in near real time
after a major seismic event. These maps provide regional overview of
spatial distribution of ground shaking and damages that can be used
for effective rescue and response measures. USGS-ShakeMap generates
not only peak ground acceleration and velocity maps but also spatial
distribution of earthquake intensity (expressed in the Modified Mercalli
Intensity (MMI)). USGS-ShakeMap considers the magnitude, location of
epicenter, distance from epicenter, geology and variation in propagation
of seismic waves because of complexities in earth crust for prediction of
spatial distribution of ground shaking (USGS, 2006). However, these are
preliminary maps, generated automatically shortly after an earthquake,
unverified in the field and therefore are considered approximate and
unreliable at local scale.

1.2 Factors influencing earthquake induced ground
shaking

The intensity and duration of earthquake induced ground shaking at
a site depends on earthquake magnitude, depth and location of epi-
center which are denoted as source effects; the medium traversed by
seismic waves which is denoted as medium effect; and physical and
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geotechnical characteristics of the site denoted as site effects (Kramer,
1996) (Figure 1.1). Higher magnitude, close proximity to the epicenter
and shallow depth result in intensified ground shaking for longer dura-
tion. Medium through which seismic waves propagate has significant
influence on the velocity and attenuation of seismic waves. A decrease
in velocity of seismic waves coupled with law of conservation of energy
is considered as a major factor in amplification of seismic response.
Therefore amplified ground shaking is often observed on regolith with
low shear wave velocity than on the bedrock with higher shear wave
velocity (Robinson et al., 2006). To evaluate impact of seismic source
and medium on earthquake ground shaking, region specific attenuation
models are developed based on instrumental ground shaking records
that can be used to predict spatial distribution of ground shaking.

Spatial variation of ground shaking, at local scale, is subject to site
effects. Site effects are often evaluated by exploring the impact of site-
specific geology, geomorphology (regolith cover) and topography on
variation of ground shaking. Geology influences the shear wave velocity
of the incident seismic waves (Wills and Clahan, 2006) and therefore
determine the impedance contrast between underlying consolidated
bedrock and overlying lose surface material. The influence of geology on
amplification of seismic response is often evaluated by measuring the
shear wave velocity of top 30 m crust denoted as VS30 (Wills and Clahan,
2006) which is found as an indicator of seismic site condition (Borcherdt,
1994). Regolith thickness influences the attenuation, shear wave velocity
and trapping of seismic waves (Assimaki and Gazetas, 2004). In rough
terrain, topographic variation causes trapping, diffraction, reflection and
inter-conversion of the incident seismic waves leading to amplification
of seismic response at ridge crest (Ashford and Sitar, 1997). Evaluating
the site effects is of crucial importance for seismic microzonation and
formulating earthquake management strategies.

1.3 Remote sensing in seismology

Satellite remote sensing is an efficient tool to acquire spatial and tempo-
ral information of an object or phenomenon from a distance at different
scales; from local to regional. Satellite based remote sensing data are
available in panchromatic, multi-spectral images and digital elevation
models (DEMs) with varying resolution and spatial coverage. DEMs pro-
vide the terrain elevation and are frequently used to compute terrain
attributes that are often used in environmental studies e.g. slope, aspect,
curvature etc using different algorithms. Deriving a DEM can be the
direct product of a satellite mission such as the Shuttle Radar Topogra-
phy Mission (SRTM) which produced a DEM with 90m spatial resolution,
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1. General Introduction

Figure 1.1 Factors responsible for the seismic ground shaking

or from stereo satellite images e.g. the Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) satellite from which one
can derive DEM with 30 m spatial resolution (for more detail see chapter
2). Both of these DEMs (SRTM and ASTER) are freely and readily available
with global land coverage and hence offer an opportunity to use for
earthquake mitigation studies.

Satellite remote sensing images and DEM derived topographic at-
tributes can be used in all stages of natural disaster management i.e.
preparedness, mitigation, response and recovery (Joyce et al., 2009).
In pre-earthquake situation the ASTER DEM is used for evaluating to-
pographic impact on seismic response (Lee et al., 2009a). SRTM and
ASTER DEM derived terrain slope is used for shear wave velocity VS30

based seismic site characterization (Allen and Wald, 2009; Yong et al.,
2008a). Remote sensing data shows pre-earthquake thermal anomalies
that can be used for earthquake preparedness (Choudhury et al., 2006).
Refinement of this technique and routine investigation may assist to ear-
thquake warnings and predictions. DEM derived topographic attributes
can be applied to model spatial distribution of regolith thickness at
regional scale that can be subsequently used for evaluating the impact
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of regolith thickness on amplification of seismic response.
In post-earthquake scenario, motivated from the potential role of

remote sensing data in disaster induced damage assessment, internatio-
nal space agencies has agreed on an International Charter "Space and
Major Disasters" (www.disasterscharter.org) to freely provide post-
disaster fine resolution optical remote sensing images. Therefore often
the remote sensing images of IKONOS and Quickbird of the affected
area are provided for quick damage assessment to assist in response
activities. These satellite images are effective to provide synoptic over-
view of the affected area and indicate the severity of the damages at
regional as well as at local scale. However, there are limitations of the
remote sensing data for damage assessment at individual building level
or in thickly populated urban areas (Kerle, 2010) that could be rectified
through field verification. Interferometric synthetic aperture radar, also
abbreviated as InSAR is capable of mapping the earthquake induced
ground deformation and damages assessment (Matsuoka and Yamazaki,
2005).

The spatial resolution of remote sensing images and DEMs determine
the details of information that can be retrieved from an image. Therefore
resolution of remote sensing data is an important factor in choice of
data selection that often depends on data availability, available budget,
spatial extent of study area and available computation time. Often coarse
resolution remote sensing data is cost and time effective to process with
large spatial coverage, however, provide generalized results. Initiatives
such as USGS-Shake map and PAGER produce shaking and damage
maps, respectively, at a spatial resolution of 1 km (Jaiswal et al., 2009),
hence results are much generalized shaking and damage estimates for
local scale applications. On the other hand, fine resolution remote
sensing data provide more and precise information, however, at higher
price and relatively small spatial coverage. With proliferation in remote
sensing technology and improvement in spatial and spectral resolution,
coverage and readily available remote sensing data support near-real
time monitoring of seismic hazard and subsequently effective response.

1.4 Seismicity of Pakistan

Pakistan is located in one of the most seismically active regions on
earth, with active Himalayan ranges in north, Hindu Kush mountain
ranges in northwest and Suleiman mountain ranges in southwest. High
seismic hazard in Pakistan and adjacent Indian and Afghanistan regions
is due to northward movement of the Indian tectonic plate at a rate of
31 mm/year (Bettinelli et al., 2006) which is subducting beneath the
Eurasian continent. This collision of the Indian and Eurasian plates
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resulted in the development of world highest mountain ranges i.e. Kara-
koram, Himalaya and Hindu Kush mountain ranges (Kumar et al., 2006).
Earthquakes in Pakistan are often associated with the east-west trending
regional thrust faults. From north to south these are the Main Kara-
koram Thrust (MKT), Main Mantle Thrust (MMT), and Main Boundary
Thrust (MBT) (Sayab and Khan, 2010)(Figure 1.2a). Active tectonics in
the region leads to the accumulation of compressional forces that are
released in big and great earthquakes in past and prone to more in
future (Durrani et al., 2006). Between 1897 and 1952, there was a phase
of high seismicity, when 14 major earthquakes (Mw ≥ 7.5) occurred,
including 5 great earthquakes of Mw ≥ 8 (Lisa et al., 2007). Northern and
northeastern portions of Pakistan have recently been activated resulting
in the Bunji earthquake (21st November 2002) and Batgram earthquake
(14th February 2004) with both having magnitude of ≥5.5 and the most
devastating Kashmir earthquake (8th October 2005) with a Mw of 7.6.
Due to these devastating earthquakes hundreds of thousands of people
have lost their lives and substantial loss to the Pakistan economy has
been caused. Moreover, theoretical studies indicate that energy stored
along the Himalayan arc suggests a high probability of earthquake of
Mw > 8.0 in near future (Durrani et al., 2006).

1.4.1 Study area and Kashmir earthquake

The 2005 Kashmir earthquake occurred due to the reactivation of the
Balakot-Bagh (B-B) thrust fault located in the Indus-Kohistan Seismic
Zone (IKSZ) and is associated with the MBT (Hussain et al., 2009)(Fi-
gure 1.2b). The seismic hazard in the region is mostly associated with
the MBT and other local faults such as Khairabad, Muree, Jhelum, Panjal
and Margalla faults (Lisa et al., 2007) (Figure 1.2a). The Kashmir earth-
quake proved to be the most destructive earthquake in the history of
Pakistan, killing about 90,000 people, leaving millions homeless, and
causing economic loss of about 5 billion US$ (ADB and WB, 2005). One of
the distinct characteristic of the Kashmir earthquake is the widespread
slope failures, mostly along the Neelum, Jhelum and Kunhar valleys
(Figure 1.2b) obstructing rivers and road network. The study area consi-
dered for this research is comprised of cities of Muzaffarabad, Gari
Habib Ullah, Balakot and surroundings (Figure 1.2b) which were seve-
rally devastated by the Kashmir earthquake. The study area is covered
with rough terrain (elevation 614-3789 m ASL) with steep slopes (slope
0◦-65◦) and deep incised valleys with basins where most of the local
population is living. The geology of the area is predominantely covered
by sedimentary rocks with major lithologies of shale, sandstone and
siltstone (for details about geology, see section 5.2.1).
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Figure 1.2 Location map of study area (northern Pakistan), faults were repro-
duced from Searle and Khan (1996) and Hussain et al. (2009)
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1.5 Problem statement

Seismic induced ground shaking and expected damage maps derived
from, respectively, USGS-ShakeMap and PAGER in near-real time for
effective response activities, are at coarse resolution of 1 km, hence
giving much generalized results. Moreover, they also overlook the
significant influence of topography and regolith thickness by assuming
constant, hence are considered unreliable at local scale.

On the other hand, the majority of existing studies evaluating impact
of topography, regolith and VS30 on amplification of seismic response
using 1D or 2D numerical codes for engineering purpose, are limited
to a synthetic environment through laboratory experiments or, in case
related to actual slopes, of very small spatial scale. However, because of
the large extent of the seismically active, and affected, areas, regional
scale evaluation of impact of topography, regolith thickness and VS30

on seismic response is required that is also applicable at local scale.
Availability of seamless satellite remote sensing data with global land
coverage at relatively higher resolution can potentially be used for
modeling the spatial distribution of topography, regolith thickness and
VS30 at regional scale. Regional topographic information is the direct
product of remote sensing based DEMs. However, there are several
DEMs with varying resolution and accuracy that are used for evaluating
impact of topography on seismic response. Therefore it is necessary to
explore the impact of DEM source, accuracy and resolution on terrain
representation and evaluating topographic seismic response.

Because of the complex nature of regolith thickness variation, it is
mostly assumed spatially constant in seismic response evaluation stu-
dies, hence not fully addressing the key factor influencing the seismic
response. Moreover, in seismically active areas with rough terrain, majo-
rity of population are inhibited in valleys with thick regolith cover and
hence prone to amplified seismic response because of regolith cover and
valley structure. Therefore it is crucial to model the spatial distribution
of regolith thickness at a regional scale and subsequently evaluate its
impact on amplification of seismic response. Spatial variation of regolith
thickness is influenced by environmental variables such as topography,
geology and geomorphology. Hence, remote sensing derived DEMs and
images can be used to derive these environmental variables and subse-
quently apply geostatistical techniques to model the spatial distribution
of regolith thickness at regional scale.

Wald and Allen (2007) proposed DEM derived terrain slope as a proxy
for modeling the spatial distribution of VS30, however at much coarser
resolution (900 m) that is also of limited use for local scale application.
Yong et al. (2008a) used ASTER DEM derived terrain slope to classify
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terrain units and subsequently assign VS30, however, could not perform
the field based validation of the method.

Pakistan, and likewise other developing countries located in seis-
mically active regions, has suffered from earthquakes. However, ear-
thquakes and related research sectors have not received sufficient at-
tention from the government and researchers of Pakistan in the past,
resulting in unprecedented devastation during the Kashmir earthquake.
Since the study area has a poor network of seismic stations to record
instrumental based ground shaking records, therefore alternatives are
required to evaluate impact of topography, regolith thickness and VS30

on amplification of seismic response.
Moreover, due to geopolitical location of the Kashmir earthquake

affected area, regolith and geological information is scarce to use for
evaluating seismic response, and subsequently apply for earthquake
damage prediction for effective response and rescue. To address these
problems, satellite images and ASTER DEM to model the spatial dis-
tribution of regolith thickness and VS30 supported with limited field
data can be used and subsequently evaluated their impact on Kashmir
earthquake induced building damages.

1.6 Aim

Aim of the research is to evaluate the applicability and accuracy of
satellite remote sensing data to assess regional impact of topography,
regolith thickness and VS30 on amplification of seismic response at
various resolutions.

1.7 Objectives

1. To evaluate the impact of remote sensing based DEM’s resolution
and source on computed topographic seismic response

2. To assess the uncertainty in remote sensing derived DEMs and
computed topographic attributes in rough terrain

3. To evaluate the impact of topography on amplification of seismic
response at regional scale

4. To develop a remote sensing based methodology to model the
spatial distribution of regolith thickness at regional scale with
limited field observations

5. To evaluate the influence of modeled regolith thickness on remote
sensing based seismic induced building damages
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6. To evaluate a remote sensing based approach to generate VS30 ba-
sed seismic site characterization map at regional scale at relatively
fine resolution that can be used for earthquake damage prediction

1.8 Thesis structure

This thesis consists of 8 chapters. Six of the scientific chapters corres-
ponding to the objectives respectively have been published (Chapter 2,
3, 4, 5, 6 and 7) as peer-reviewed papers. Following is the brief summary
of each chapter.

Chapter 1 provide general introduction to the thesis. The current state
of the art on seismic site characterization methods and their limitations
are presented. Application of satellite remote sensing based images
and digital elevation models (DEMs) in seismology is introduced. The
tectonic and seismicity of the study area located in northern Pakistan
is stated. Research problems in the existing methods is presented, and
to address these problems aim and objectives are mentioned. The sub-
sequent chapters are based on these objectives to achieve the required
results.

Chapter 2 focuses on evaluating the impact of DEM resolution ad source
on terrain representation and topographic seismic response. DEMs of
mostly used and available resolutions acquired from different sources
were used to compute topographic attributes (slope and relative height)
and a seismic parameter (shear wave velocity of top 30 m crust (VS30)).
These parameters were computed from each DEM and are subsequently
analyzed to derived topographic aggravation of seismic response. The
impact of DEM resolution on computed topographic attributes (slope
and relative height), VS30 and derived topographic seismic response is
evaluated.

Chapter 3 is continuation of Chapter 2 and quantifies the uncertainty
in the remote sensing derived DEMs (ASTER and SRTM DEMs) that are
frequently used for evaluating seismic response. Moreover, impact of
DEMs uncertainty on computed topographic attributes of slope and
aspect is evaluated. Remote sensing based DEMs are sensitive to rough
terrain therefore it is important to evaluate uncertainty in the ASTER
and SRTM DEMs and their impact on computed topographic attributes
in the study area, as they are repeatedly used later in the study.

Chapter 4 present preliminary results of the application of SFECFEM3D
package using the spectral finite element method for evaluation of topo-
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graphic seismic response at a regional scale. The SPECFEM3D is a freely
available code incorporating the remote sensing DEM derived topogra-
phy, medium affect and earthquake source characteristic through CMT
Solution File to model spatial distribution of ground shaking. Ground
shaking maps are generated once with topography and again without
topography to model the topography induced amplification of seismic
response.

Chapter 5 presents a remote sensing based generic approach to model
regolith thickness at regional scale in a depositional landscape with
limited field observations. The ASTER DEM used in chapter 2 and 3
is further used to compute topographic attributes and geomorpholo-
gical classifications in combination with SPOT-5 imagery for regolith
thickness modeling. Near surface geophysics (resistivity imaging) was
efficiently used as an alternative for deep digging to measure regolith
thickness. A feature-space linear model was successfully used to model
regolith thickness in the area.

Chapter 6 describes modeling the spatial distribution of regolith thick-
ness in an erosional landscape as an extension of the depositional area
covered in chapter 5. A geological map and ASTER DEM derived topo-
graphic attributes were used to model regolith thickness. The modeled
regolith thickness is subsequently merged with the modeled regolith
thickness in the depositional landscape, to get an integrated regolith
thickness map covering the study area. To evaluate the impact of re-
golith thickness on earthquake induced building damages and test if
regolith thickness map can be used for earthquake damage prediction,
the modeled regolith thickness is correlated with the 2005 Kashmir
earthquake damage data that is derived from fine resolution remote
sensing images and field visits.

Chapter 7 present evaluation of a remote sensing based methodology
for seismic site characterization at regional scale. Geographic object
based image analysis (GEOBIA) technique was applied to the ASTER DEM
derived slope layer to demarcate terrain units of mountains, piedmont
and basin. These terrain units were identified based on their significant
importance for seismic site characterization in the previous chapters.
The landform map derived in chapter 5 is used as validation of the
classified terrain units in this chapter. To evaluate the importance of
classified terrain units for seismic site characterization and test if they
can be used for earthquake damage prediction, they are compared with
the Kashmir earthquake damage data derived from high resolution re-
mote sensing data and field knowledge.
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Chapter 8 provides a synthesis of the obtained results and discusses the
implication of the results for mitigation of seismic impacts and effective
seismic response. Recommendations are given for future research.
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2Impact of DEM source and
resolution on topographic
seismic amplification

2.1 Introduction

Seismologists have long been aware of the role of topography, soil phy-
sical characteristics and lithology in influencing the intensity of seismic
response. Moreover, soil physical characteristics and lithology can be
related to topographic attributes of the area (Tromp-van Meerveld and
McDonnell, 2006; Wald and Allen, 2007). During several past seismic
events, such as the Lambesc earthquake in France (1909), the San Fer-
nando earthquake in USA (1971), the Friuli earthquake in Italy (1971),
and the Kashmir earthquake in Pakistan (2005), intensified building da-
mage was recorded on steep slopes and hill ridges (Stamatopoulos et al.,
2007). Extensive numerical, analytical and experimental research since
the 1960’s has explored this amplification of seismic response at ridge
crests and de-amplification at ridge toes (Donati et al., 2001; Assimaki
et al., 2005; Nguyen and Gatmiri, 2007). However, due to the scarcity
of the detailed subsurface information and seismic motion records, the
topographic amplification effect is not clearly understood, except for
qualitative trends (Chávez-García et al., 2000).

Recently seismologists have been working towards the development
of techniques for near-real time ground shaking prediction. These
techniques predict the spatial variation of ground shaking at a regional
scale, i.e. large areas without exact boundaries and comprising of many
topographic features. The most common and frequently applied tool,

1This chapter is based on the following paper

Shafique, M., van der Meijde, M., Kerle, N., van der Meer, F., 2011. Impact of DEM
source and resolution on topographic seismic amplification. International Journal of
Applied Earth Observation and Geoinformation 13 (3), 420-427.
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ShakeMap, was developed by the USGS (Wald et al., 2006). Other tools
include Prompt Assessment of Global Earthquakes for Response (PAGER)
for damage assessment and site specific attenuation models (Ozbey et al.,
2004; Iyengar and Raghukanth, 2004; Earle et al., 2008).

In the aforementioned models, however, topography has not been
considered as an independent parameter in the estimation of ground
shaking, even though, it has been observed that topography can change
the Peak Ground Acceleration (PGA) values by ±50% in rugged terrain
(Lee et al., 2009a). Furthermore, the spatial distribution of seismic pa-
rameters, such as shear wave velocity (Vs ), has been observed to be
strongly correlated with the topographic slope gradient (Wald and Allen,
2007; Allen and Wald, 2009). The predicted shaking maps, therefore,
result in uncertainty in the predicted shaking at local scale, i.e. the area
comprising an individual topographic feature (Wald et al., 2006). Since
most seismically active areas are associated with rugged terrain, investi-
gating and incorporating the topographic impact on seismic response is
important for the seismic hazard assessment, mitigation and near-real
time seismic shaking prediction.

With the widespread availability of digital terrain representations,
generically referred to as Digital Elevation Models (DEM), many terrain
analysis studies have explored the utility of DEMs and their derived to-
pographic attributes for environmental modeling (Wise, 2007). DEMs are
commonly generated from point or transect measurements in the field,
existing contour lines or, increasingly, remote sensing data (Raaflaub
and Collins, 2006). Traditionally, photogrammetric methods applied
to optical stereo data have been most prominent, while more recently
Light Detection and Ranging (LiDAR) and RADAR data derived gridded
DEMs have gained prominence. The grid or the pixel size of these DEMs
determines the area covered by an individual pixel, also denoted by
the spatial resolution, hereafter called the resolution. The inherent
resolution of a DEM is a direct function of the point sampling strategy
employed, e.g. the density of field measurement or the resolution of the
image. Consequently, terrain features smaller than the DEM resolution
cannot be represented distinctly and with their true value, but instead
are averaged to a single pixel value. The technique and system employed
to generate a DEM strongly determine both precision and accuracy of
the elevation data. The resolution and the accuracy of a DEM in turn
have a significant impact on the quality of DEM derivatives, such as
slope, relative height, aspect and curvature of the terrain (Smith et al.,
2006; Sørensen and Seibert, 2007; Wu et al., 2008). They thus attain
critical importance when DEM derivatives are used for predictive mode-
ling, such as for topographic seismic response prediction. While high
resolution LiDAR DEM data are expensive and still rarely available, the
90 m Shuttle Radar Topography Mission (SRTM) DEM and the 30m Space
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borne Thermal Emission and Reflection Radiometer (ASTER) derived
DEM are available free of charge for nearly all land areas (CGIAR-CSI,
2004; ERSDAC, 2009). These readily available data may also be useful
for predicting topographic seismic response at regional and local scale,
particularly in near-real time.

In the recent past, several studies used DEMs of various resolutions
and sources for estimating spatial distribution of shear wave velocity
of the top 30m crust (VS30) (Wald and Allen, 2007; Allen and Wald,
2009), and topographic seismic response evaluation (Lee et al., 2009a,b).
However, the impact of DEM resolution and source on derived VS30 or
the topographic seismic response has not being explicitly addressed.
Therefore, an important question is how the topographic and seismic
parameters computed from DEMs are affected by the DEM resolution
and data source, and how they can be compared. This study used DEMs
from various sources and resolutions to investigate the impact of these
parameters on terrain representation, terrain slope, relative height, VS30

and the derived topographic aggravation of seismic response.

2.2 Methods

2.2.1 Study area and data used

The study area is located in the seismically active region in Carboneras,
southern Spain, covering an area of about 18 km2 (Figure 2.1). Topogra-
phy of the study area ranges from 60m to 457m ASL, and terrain slope
values approach a steep of 70◦. DEMs of varying resolutions and sources
derived from air and spaceborne data generated through different sys-
tems and techniques were used. A high resolution DEM with pixel size
of 1 m and a documented vertical RMSE of ±0.2 m (Tsutsui et al., 2007),
derived from LiDAR data, was used as the most detailed and accurate
elevation model. To obtain and test the majority of DEM resolutions
used in recent seismic studies, the 1 m LiDAR DEM was resampled to
5 m, 10 m, 20 m, 30 m, 60 m and 90 m DEMs (Figure 2.2). The results
derived from these DEMs were than compared with the results from
the satellite derived ASTER and SRTM DEMs. ASTER data contain stereo
pairs that allow DEMs generation (Abrams, 2000), though with a RMSE
of ±15m (Abrams and Hook, 1995), which for this study was acquired
from the USGS with 30 m pixel size. Moving towards coarser DEMs,
SRTM recorded elevation data with a RMSE of ±16m on a near-global
scale, providing the most complete digital topographic database of the
Earth surface (Berry et al., 2007). A SRTM DEM with 90 m pixel size was
acquired from CGIAR-CSI, which re-processed the raw data to fill voids
with high resolution elevation data (Jarvis et al., 2004; Walker et al.,
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Figure 2.1 Location map of study area located in Carboneras, southern Spain

2007).
The impact of DEM resolution on the terrain representation and

derived slope was evaluated by comparing the terrain profile of synthetic
terrain features with varying base width, related to the pixel size of
the used DEMs, but constant height. The findings from this synthetic
experiment were further validated by comparing the impact of varying
DEM resolution on a realistic terrain profile extracted from the study
area.

The original (LiDAR, ASTER and SRTM DEMs) and the LiDAR resam-
pled DEMs were used to explore the impact of DEM resolution on terrain
representation, and computed topographic and seismic attributes (Fi-
gure 2.2).

2.2.2 Resampling

The common resampling techniques, i.e. nearest neighbor (NN), bilinear
interpolation (BI), and cubic convolution (CC), vary in the number of
pixels involved in assigning a new value to the resampled pixel. Re-
sampling a DEM to >4 times of its existing resolution, pixels that are
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Figure 2.2 Flowchart showing the data and procedures followed for the study
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Figure 2.3 Impact of neighborhood size on resampling of the 1 m DEM to
10 m, (a): Resampling through cubic convolution, (b): Resampling through
calculating average of the whole block followed by applying the NN technique (c):
Impact of DEM resolution on mean elevation on the area following technique a,
(d): Impact of DEM resolution on mean elevation of the area following technique
b

lying beyond the nearest 16 pixels are ignored in the resampling, resul-
ting in significant loss of information (Figure 2.3a) and leading to an
unexpected increase of mean elevation with coarsening DEM resolution
(Figure 2.3c). To tackle this limitation, we followed the block statistic
technique (ESRI, 2009) to calculate the average elevation in a square, and
subsequently assign it to the whole block (Figure 2.3b). This technique
was applied to resampling the 1 m LiDAR DEM. The mean elevation of
the resampled DEM derived through the block statistic technique as
expected continuously declined with coarsening resolution, due to the
smoothening effect (Figure 2.3d). The range of decline in mean elevation
values depends on the spatial extent and terrain of the area. Topogra-
phic attributes, such as slope, aspect and curvature were derived from
the DEMs, employing a number of algorithms to a moving 3×3 pixels
window. Consequently, the spatial extent over which these values were
computed also varies with the DEM resolution, causing all topographic
attributes calculated to vary accordingly. Topographic features larger
than the DEM resolution, but still smaller than the neighborhood size,
will be suppressed and smoothened during the topographic attribute
computation (Smith et al., 2006).

2.2.3 Model

Slope, aspect, curvature and relative height are the crucial topographic
attributes that, together with seismic waves characteristics such as wa-
velength, shear wave velocity and attenuation, influence the seismic
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response. Phenomena such as scattering, reflection, diffraction, focu-
sing, trapping, and angle of incidence of seismic waves due to rough
terrain, are known for amplification or de-amplification of topographic
seismic response. The majority of published studies dealt with either
a specific terrain feature (Gazetas et al., 2002; Assimaki and Gazetas,
2004; Gaudio and Wasowski, 2007; Lee et al., 2009a) or a specific pheno-
menon of topographic seismic amplification (Boore et al., 1981; Paolucci,
2002; Sepulveda et al., 2005; Assimaki et al., 2005; Wald and Allen, 2007;
Nguyen and Gatmiri, 2007). Parametric studies (Ashford et al., 1997;
Ashford and Sitar, 1997; Bouckovalas and Papadimitriou, 2005) evalua-
ting the exclusive impact of slope gradient, relative height, seismic wave
type (P, SH, SV), shear wave velocity, wavelength and material damping,
have resulted in numerical models that predict the topographic aggrava-
tion factor (TAF). TAF is the ratio of seismic response at the ridge crest
and the seismic response at the free field. The free field are sites of
flat topography in this case, hence no impact of topography on seismic
response. This study focused on selecting a model that incorporates
most of the topographic and seismic parameters that have been shown
to be critical in the literature, and has been verified in real case scenarios.
The numerical model developed and tested by Bouckovalas and Papadi-
mitriou (2005), to predict TAF in the horizontal direction (Equation 2.1)
was considered most suitable in this regard. The model parameters com-
prise of slope gradient, relative height of terrain features, seismic wave’s
wavelength, shear wave velocity and the material damping, overlaying a
homogeneous halfspace.

Ah,max = 1+
0.225

(
H
λ

)0.4 [ I2+2I6
I3+0.02

]
1+ 0.9ε

(2.1)

Where
Ah,max = Horizontal TAF
I = Slope
H = Relative Height
λ = Wavelength
ε = Material damping

The model assumes vertically incident SV seismic waves to a terrain
profile, which are transformed to P, SV and the Rayleigh surface waves
when intersecting with the inclined terrain(for details about the seismic
waves see Kramer (1996)). These newly generated reflected seismic
waves amplify the seismic response when arriving at the ridge crest.
Unlike in the original study by Bouckovalas and Papadimitriou (2005),
we computed the model parameters from the DEMs of different sources
and resolutions, and subsequently evaluated the effect on the computed
model parameters and derived TAF. One of the limitations of the model
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is that it was developed for analysis of a synthetic profile assumed to be
a single unit. In our case the model was applied to each pixel of the DEM,
consequently not taking into account the whole topographic feature, but
rather the model parameters values of each pixel.

2.2.4 Model parameters

The slope of the terrain features was computed from the original and
the resampled DEMs. In contrast to absolute elevation as given in DEMs,
modeling the topographic seismic response requires the relative height
of terrain features, estimated from the nearest toe of a profile or the
hill (Pedersen et al., 1994; Ashford et al., 1997; Assimaki and Gazetas,
2004; Bouckovalas and Papadimitriou, 2005). To derive relative height
from a DEM, local minima were extracted along automatically detected
drainage networks, from which a base level was derived. This base
level was subtracted from the actual elevation, resulting in relative
height of the terrain features for each pixel. Seismic wavelength in this
study was derived from a numerical model developed by Nave (2000),
considering the shear wave velocity and the predominant acceleration
time, a procedure also adopted by Bouckovalas and Papadimitriou (2005).
Shear wave velocity was computed through the relation of Allen and
Wald (2009) for active tectonics, and a predominant acceleration period
of 1 sec was assumed for this study. For an actual event the predominant
period of acceleration can be retrieved from the accelerograms of the
specific event.

2.3 Results

2.3.1 Impact of DEM resolution on terrain representation

The correlation between various DEMs and their computed topographic
attributes was explored by comparing the resampled LiDAR, ASTER,
and SRTM DEMs with the original LiDAR DEM (Table 2.1). It was obser-
ved that correlation between the original and resampled LiDAR DEMs
continuously decreases with increasing the pixel size. Relatively higher
correlation was observed between LiDAR and SRTM DEMs compared
to LiDAR and ASTER DEMs. Spatial comparison of the original and re-
sampled DEMs suggests that resampling results in higher variability on
steep surfaces than on flat terrain. Consequently, since the topographic
seismic response intensifies on steep terrain, the resampling of DEM
likely has a considerable impact on the predicted TAF.

The effect of DEM resolution on the terrain representation and com-
puted slope gradient was evaluated graphically through two terrain
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DEMs Elevation Slope Aspect
LiDAR-1 1 1 1
LiDAR-5 0.99 0.75 0.68
LiDAR-10 0.99 0.68 0.64
LiDAR-20 0.99 0.61 0.57
LiDAR-30 0.99 0.57 0.52
LiDAR-60 0.97 0.51 0.40
LiDAR-90 0.95 0.47 0.35
ASTER 0.80 0.37 0.16
SRTM 0.92 0.47 0.29

Table 2.1 Correlation of terrain elevation, derived slope and aspect between
original the LiDAR DEM and resampled LiDAR, ASTER and SRTM DEMs

profiles, each derived from a 1 m resolution DEM generated synthetically
(Figure 2.4) and extracted from the real environment (Figure 2.5,(line
A-B in Figure 2.1)) respectively. Both of the initial 1 m resolution terrain
profiles in Figure 2.4a and Figure 2.5a were resampled to 30, 60, and 90
m resolution profiles (Figure 2.4a & 2.5a), and subsequently the corres-
ponding slope was computed (Figure 2.4b & 2.5b). The impact of DEM
resolution on smoothening, shape and height is profound on terrain
features with a base width smaller than the respective DEM resolution.
Terrain features having a base width of 5 m and 10 m can hardly be
identified in the 30 m resolution profile (Figure 2.4a), and disappear
entirely in the 90 m resolution terrain profile. Terrain features with a
base width of 30 m to 90 m could be identified in the 90 m resolution
profile, but only with significant loss in height. The flat areas adjacent
to the ridges were raised due to the averaging of elevation values with
coarsening the DEM resolution (Figure 2.4a & 2.5a). The flat area located
between the ridges (Figure 2.4a) was raised by 12% in the 90 m resolution
profile. Simultaneously, the ridges (Figure 2.4a) were reduced by 20% in
the 90 m resolution profile. Terrain features significantly larger than the
DEM resolution, however, were smoothened only at the sharp edges with
coarsening the DEM resolution, while the shape and the height of the
feature remained unaffected (Figure 2.4a (i)). In the real case scenario
the mean elevation in the 1 m resolution profile was reduced by 2% in
the 90 m resolution profile, with a visually significant impact on the
steep ridges. The reduction in the mean elevation with coarsening the
DEM resolution also strongly influenced the computed relative height.
Consequently, as concluded from the literature, the ridge crests, as the
regions of known amplified seismic response, are disappearing with
coarsening the DEM resolution to an extent equal or greater than the
ridge size.
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Figure 2.4 Schematic presentation of impact of DEM resolution on terrain
representation in a synthetic environment, (a) Impact of resolution on elevation
(the numbers on the top of the ridges represent the width of the ridge base),
(b) Impact of resolution on the computed slope

Figure 2.5 Schematic presentation of impact of DEM resolution on terrain
representation in a real environment, (a) Impact of resolution on elevation (b)
Impact of resolution on the computed slope
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2.3.2 Topographic aggravation of seismic response

The impact of DEM resolution and source on the computed topographic
aggravation of seismic response (TAF) was explored by using the model
developed by Bouckovalas and Papadimitriou (2005). The model para-
meters, i.e., slope, shear wave velocity, relative height, and wavelength,
were computed from the multi-source and resolution DEMs.

Smoothing of terrain features with coarsening the DEM resolution led
to a regular decline in mean TAF in the study area. To explore further
the discrepancies in the TAF derived from the employed DEMs, the maxi-
mum TAF values from each DEM were normalized, and subsequently
converted to percentages, hereafter referred to as normalized TAF factor
(Figure 2.6). The sharp decline in normalized TAF from the 1 m to 5
m DEMs is due to the smoothening of minor and sharp irregularities
recorded by the 1 m DEM during the resampling to 5 m. The features
still distinctly identifiable in the 5 m DEM were further smoothed in
the lower resolution DEMs. In the 20 m DEM the terrain features were
already smoothed to an extent that further coarsening of the DEM up
to a resolution of 90 m does not significantly alter the normalized TAF
factor. The normalized TAF factor derived from the 1 m LiDAR is 56%
higher than the normalized TAF factor derived for the 5 m LiDAR DEM,
and 72% higher than the normalized TAF derived for the 90 m LiDAR
DEM (Figure 2.6).

The behavior of varying TAF with changing DEM resolution was also
found to be influenced by the spatial extent and topography of the study
area. In small areas with rugged terrain, the terrain features smaller or
equal to the DEM resolution were significantly smoothed, leading to a
continuous decline in mean TAF in the study area. However, for terrain
features significantly larger than the respective DEM resolutions, such
as mountain ranges in the Himalaya, Alps or Andes, the DEM resolution
will have less impact on representation of topography (Figure 2.4a (i)).
Therefore the derived TAF values at such terrain features were almost
unaffected by varying the DEM resolution (Figure 2.6).

The variation in the model parameters computed from multi-source
and resolution DEMs was counterbalanced in the model used, leading
to limited impact of the DEM source on the computed normalized TAF.
Therefore, the sensitivity of each computed model parameter to DEM
resolution and source was also evaluated.

2.3.3 Sensitivity analysis

The sensitivity of the different model parameters to DEM resolution and
source is addressed in the following sections.
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Figure 2.6 Effect of DEM resolution and source on normalized TAF factor

2.3.3.1 Slope

The slope gradient has previously been observed to be a critical parame-
ter in influencing the topographic seismic response (Bouckovalas and
Papadimitriou, 2005; Gaudio and Wasowski, 2007; Nguyen and Gatmiri,
2007; Stamatopoulos et al., 2007; Wald and Allen, 2007). Coarsening of
DEM resolution has a larger impact on slope values than on the actual
elevation, due to the neighborhood size. Therefore, the correlation (R)
between slope values computed from various resolution and source
DEMs was significantly lower for slope than for elevation (Table 2.1).
Due to smoothing and averaging of ridges with adjacent flat areas with
coarsening resolution from 1 m to 90 m (Figure 2.4b), the computed
slope increased by 166% in flat areas, while decreased by up to 450%
on steep slopes. In the real case scenario (Figure 2.5b), the mean slope
was reduced by 151% in the coarser resolution DEM, which is in agree-
ment with previous studies (Chang and Tsai, 1991; Wolock and Price,
1994; Zhang and Montgomery, 1994; Thieken et al., 1999). The mean
slope decreased consistently with the DEM growing coarser (Figure 2.7a),
consistent with Figure 2.3d, and also shown in previous studies by
Chang and Tsai (1991); Wilson and Gallant (2000); Smith et al. (2006);
Sørensen and Seibert (2007); Wu et al. (2008).

The slope derived from the 1 m DEM resulted in unusually high
variability of terrain (Figure 2.4b & 2.5b), which is less sensitive to
seismic waves with longer wavelength. Consequently, use of slope
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values computed from a 1 m DEM leads to unrealistic results in seismic
response modeling, and also significantly extends the computation
duration, especially in near-real time.

2.3.3.2 Shear wave velocity (VS30)

The VS30 values computed from multi-source and resolutions DEMs
showed that relatively fine resolution DEMs leads to more pixels at the
extreme VS30 values, while relatively fewer pixels fall in medium VS30

ranges (Figure 2.7b).
At the lower end of the VS30 values, all the used DEM consistently

predicted zero pixels, while at the higher end, the VS30 computed from
1 m LiDAR DEM showed 44.81% more pixels than the SRTM DEM. This
trend of decline in the percentage of pixels of the VS30 >760m/s is
continued with coarsening the DEM resolution (Figure 2.7b). The 1 km
DEM computed zero pixels at the VS30 ranges greater than 620m/s.

Similarly, the VS30 values computed from coarser resolution DEMs
concentrated in the medium VS30 ranges (Figure 2.7b), while the SRTM
DEM computed 15% more pixels than 1 m DEM in the VS30 range of
360-490m/s, and 18% more pixels in the VS30 range of 490-620m/s. This
trend of increase in the percentage of pixels of VS30 in the range of
360-620m/s continued with coarsening DEM resolution (Figure 2.7b).

Serious underestimation of low and high VS30 zones, and overesti-
mation of moderate VS30 zones was observed in VS30 values computed
from the 1 km resolution DEM. This was due to the fact that high VS30

values assigned to steep slopes were smoothed, and low VS30 values
assigned to flat areas increased with coarsening the DEM resolution (sec-
tion 3.1). Consequently, VS30 computed from coarse resolution DEMs
underestimated the regions of critically low VS30 regions that tend to
amplify seismic shaking (Allen and Wald, 2009), and high VS30 regions,
while overestimating the regions of moderate VS30. This observation
casts doubts on the accuracy of an implementation of topographic para-
meters and the spatial distribution of VS30 values computed from coarse
resolution elevation models at local scale, such as 1 km in this case, and
ultimately the predicted site condition maps. Relatively fine resolution
DEMs might increase the cost and extend the computation requirements,
especially in near-real time prediction, but they also present a more
realistic prediction of seismic response.

2.3.3.3 Relative height

Bouchon (1973) theorized that seismic amplification at the ridge top
depends on the base-to-height ratio of the terrain undergoing seismic
excitation. The methodology explained in section 2.4, to compute rela-
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Figure 2.7 (a) Impact of varying DEM resolution on mean slope in % (b) Impact
of DEM resolution on derived VS30 (c) Effect of DEM resolution and source on
the computed relative height of terrain features
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tive height was applied to all DEMs. The mean of the derived relative
height of the terrain features (Figure 2.7c) was found to be declining
continuously with coarsening DEM resolution. The mean relative height
computed from the 1 m LiDAR DEM was taken as 100%, and the conti-
nuous decline in mean relative height with coarsening the DEM reso-
lution indicated in percentage values. A sharp continuous decline of
10% was obseved in the mean relative height from the 1 m LiDAR to the
30 m LiDAR DEM (Figure 2.7c). The ASTER DEM only displayed a 0.5%
higher mean relative height, compared to the 30 m LiDAR surface. The
mean relative height of the 1 m LiDAR DEM was 13% higher than that
of the 90 m LiDAR DEM, and 14% higher than of the SRTM DEM. Better
consistency of computed relative height was observed between LiDAR
90 m and SRTM, and among LiDAR 30 m and ASTER (Figure 2.7c).

2.4 Discussions

A wide range of DEMs is available with varying resolutions and derived
from different sources, which can be used for exploring the impact of
topography on seismic response. For instance Lee et al. (2009a) used
a 1 m LiDAR DEM, Yong et al. (2008b) and Yong et al. (2008a) a 30 m
ASTER DEM, while Allen and Wald (2009) employed a 90 m SRTM DEM.
In addition, SPOT derived elevation data are available at up to 10 m
resolution. Often the DEMs of varying resolutions are computed through
interpolation of contour lines, usually resulting in resolutions in the
range of 5 to 20 m. To explore the trend of the resolution impact and
avoid sudden jumps between 30 m and 90 m DEMs, a DEM of 60m was
also included in the analysis. Hence we attempted to explore the role of
all these possible DEMs resolutions and their impact on computation of
topographic attributes and ultimately derived topographic aggravation
of seismic response.

Both LiDAR and SRTM DEMs resulted from active remote sensing
methods, while the ASTER DEM was generated photogrammetrically
from optical stereo data. The LiDAR and SRTM DEMs were found to
be more consistent in elevation and computed attributes, compared to
the ASTER elevation data (Table 2.1). The variation in the computed
model parameters among the utilized DEMs was almost balanced in
the normalized TAF factor computation (Figure 2.6), as the impact of
relatively less mean slopes from the ASTER DEM (Figure 2.7a) on derived
TAF was subdued by its relatively high mean height (Figure 2.7c). It was
observed that for terrain features considerably larger than the respective
DEM resolution the impact on the normalized TAF factor was negligible.
To demarcate the terrain features of interest, the feature size should
match the resolution of the DEM used.
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Acquisition of fine resolution DEMs, such as from LiDAR in this case,
especially in near-real time after a seismic event likely poses an obstacle.
Moreover, the high price and limited spatial coverage of such data is also
a barrier for its use in pre and post earthquake response investigation
and at regional scale. The scale of variation recorded by the LiDAR DEM
also appeared insignificant, considering the wavelenght of the seismic
waves propagation during a seismic event. Hence, the SRTM DEM with
90 m resolution, and recently published and freely available ASTER
Global DEM (GDEM) at 30 m resolution, both with near-global coverage,
constitute attractive alternatives for stable and near-real time prediction
of seismic response.

The parameters of the numerical model used were derived from
the true topography LiDAR DEM, from which TAF was subsequently
derived. Furthermore, the model parameters were also computed from
the ASTER and the SRTM DEMs to compute TAF. The discrepancies in
the TAF computed from LiDAR DEM and the ASTER and SRTM DEMs can
be attributed to the differences in the DEMs sources, resolution and the
inaccuracies.

The numerical model used (Equation 2.1) revealed a linear correlation
between slope and TAF with R2 of 0.80, and with relative height a non
linear but still positive correlation with R2 of 0.72 . However, where
steep slopes are observed at lower heights, or larger heights with gentle
slopes, the ultimate aggravation of seismic response will be reduced.
Sensitivity of slope to seismic response is due to the fact that with
steeper slope gradient the incident seismic waves are reflected towards
the ridge crest and ultimately get trapped, resulting in amplification of
seismic response and extend the duration of seismic shaking (Geli et al.,
1988; Ashford and Sitar, 1997; Ashford et al., 1997; Sepulveda et al.,
2005; Bouckovalas and Papadimitriou, 2005; Lee et al., 2009b).

The observed variation in the model parameters with coarsening the
DEM resolution (Figure 2.7) was consistently reflected in the observed
corresponding regular decrease in the mean TAF.

2.5 Conclusions

This study evaluated the applicability of DEM derived topographic and
seismic attributes to estimate the topographic aggravation of seismic
response, and explored the impact of DEM source and resolution on the
topographic and seismic parameters. Coarsening the DEM resolution,
in general, leads to a smoothening of terrain features and in particular,
leveling of steep ridges and inclining at adjacent flat regions. These
inclined flat areas lead to considerable underestimation of extreme near
surface velocities (VS30). In our experiments the mean of the computed
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slope and relative height were declined regularly with coarsening DEM
resolution. Terrain features equal to, or smaller than, the respective
DEM resolution could not be identified distinctly, and the predicted
seismic response at these features was unrealistic.

The TAF values derived from DEMs with gradually coarsening re-
solution through the numerical model used showed a regular decline
with strong variation observed between 1 m and 5 m DEMs, but little
variation between the 20 m and 90 m resolution DEMs. The variation in
the derived topographic and seismic parameters was balanced by the
numerical model leading to a negligible impact of DEM source on TAF
for coarser resolution DEMs. The derived TAF was found to be most
sensitive to the terrain slope gradient, followed by relative height.

The decision of selecting a DEM for TAF estimation or near-real time
shaking prediction depends on the spatial extent of the affected area and
availability of the data. Acquiring fine resolution DEMs, such as from
LiDAR, for remotely located seismic events with large spatial impact
and especially in near-real time after a seismic event remains unrealistic
at present. Furthermore, seismic waves with longer wavelength are
less sensitive to minor variations in terrain features, as recorded by
the LiDAR elevation data. The ASTER and SRTM DEMs can thus be
seen as more suitable for regional prediction of TAF due to their free
accessibility and global coverage. The choice of ASTER or SRTM DEMs
for TAF estimation or near-real time shaking prediction depends on the
spatial extent of the affected area, the level of required detail and the
available computation time.
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3Uncertainty in DEM derived
topographic attributes

3.1 Introduction

Impact of topography on spatial variation of seismic response is well ob-
served synthetically, experimentally, and visually during seismic events.
Majority of existing studies evaluating topographic impact on seismic
response are confined to either synthetic terrain profiles or individual
hills (Ashford and Sitar, 1997; Assimaki and Gazetas, 2004; Bouchon
and Barker, 1996). Investigating topographic impact at a regional scale,
require topographic information of the area of interest. Satellite remote
sensing provides a range of digital elevation models (DEMs) with varying
accuracies and resolutions to compute topographic attributes at a re-
gional scale. These DEM are often used as error-free and assumed to
represent the real topography of the area, however, like other spatial
data, they are also subject to errors that are widely discussed and analy-
zed (Carrara et al., 1997; Chen and Yue, 2010; Oksanen and Sarjakoski,
2005; Wise, 2007). Errors in a DEM could be define as the departure
of the DEM measurement from the true value (Wechsler, 2007). The
possible sources of introducing errors in a DEM could be linked to the
instrument or processes during data acquisition (Rodríguez et al., 2006)
or the processing techniques applied to convert the acquired raw data to
mostly used gridded DEMs (Sindayihebura et al., 2006). The errors in a
DEM can be classified in blunders, systematic errors and random errors
(Wechsler, 2003). The blunders are vertical errors associated with data
collection processes and exceed the DEM specification and are often
removed before the data is released to public. The systematic errors

1This chapter is based on the following paper

Shafique, M., van der Meijde, M., Kerle, N., van der Meer, F., Khan, M. A., 2008.
Predicting topographic aggravation of seismic ground shaking by applying geospatial
tools. Journal of Himalayan Earth Sciences 41, 33-43.

31
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are the result of procedures or algorithms applied in generation of a
DEM. They can be identified, as follow a fixed patterns and hence can
be eliminated. The random errors are associated with unidentified rea-
sons, spatially uncorrelated and remains in the data and are beyond the
control of the DEM user (USGS, 1997). These random errors in a specific
DEM cause uncertainty that is usually expressed in root mean square
error (RMSE) that defines the vertical accuracy of the DEM and is usually
provided by the DEM vendor (Rodríguez et al., 2006; Wechsler, 2003).
However, the given RMSE of a DEM is also influenced by the topography,
with higher than the stated in a rough and lower in a flat terrain. Wise
(2007) stated that gridded DEM are also prone to under sampling in
rough terrain and over sampling in smooth areas introducing errors in a
DEM particularly on rough terrain.

3.2 SRTM and ASTER DEMs

The Shuttle Radar Topography Mission (SRTM) DEM at 90 m resolution
and the Advance Spaceborne Thermal Emission and Reflective Radio-
meter (ASTER) global DEM (GDEM) at 30 m resolution, are freely and
readily available DEMs with global landmass coverage. However, these
DEMs are prone to inherent random errors, such as the SRTM DEM
has uncertainty (RMSE) of ±16 m (Berry et al., 2007) and ASTER has
uncertainty (RMSE) of ±15 m (Abrams and Hook, 1995), influencing the
accuracy of the computed topographic attributes. The SRTM DEM used
the Interferometric Synthetic Aperture Radar (InSAR) technique, where
a pair of SAR antennas produced three dimensional measurements of
the earth surface, leading to a freely available DEM between 60 ◦ north
and 56 ◦ south latitudes (Weydahl et al., 2007). The possible sources
of errors in the SRTM DEM are explain in details by Rodríguez et al.
(2006), and accuracy assessment at continental level (Berry et al., 2007;
Rodríguez et al., 2006) also concluded that RMSE of the SRTM DEM could
vary than stated (±16 m) subject to the type of terrain. The random
errors due to measurement noise is the major source of errors in the
SRTM DEM (Rodríguez et al., 2006).

The ASTER instrument, launched in 1999 by USA based NASA and
Japan based MITI, with four optical telescopes records spectra in three
separate spatial resolutions at 15 m, 30 m and 90 m (Abrams et al.,
2002). The nadir-viewing (3N) and backward-viewing (3B) spectral bands
of the ASTER can be used to generate a DEM at 30 m spatial resolution.
The variability in stereo correlation during automatic generation of DEM
from stereo data, weather conditions during data acquisition and rough
terrain introduce errors in the ASTER DEM (Heipke, 1995; Nikolakopou-
los et al., 2006). These errors (RMSE) in the SRTM and ASTER DEMs cause
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uncertainty and propagate to the DEM derived topographic attributes
that is often of greater interest to the users.

The SRTM and ASTER DEMs computed topographic attributes (slope,
aspect and relative height) are frequently being used to evaluate the
impact of topography on seismic response (Lee et al., 2009a; Wald and
Allen, 2007). However, the influence of the DEM inherent errors on
computed topographic attributes and consequently predicted topogra-
phic seismic response is often ignored. The impact of DEM resolution
on topographic attributes and predicted topographic seismic response
is discussed in detail in chapter 3. The objective of this study is to
assess the accuracy of the SRTM and ASTER DEM in the rough terrain
of northern Pakistan and subsequently evaluate the influence of the
derived uncertainty on computed terrain slope and aspect.

3.3 Methods

The study area is comprised of Balakot and Muzaffarabad located in
northern Pakistan (Figure 3.1). The study area is located in a seismically
active region with rough terrain and hence is prone to topographic
amplification of seismic response. Elevation of the study area ranges
from 229 m to 1732 m ASL and reaches slope steepness of 88 ◦.

Accuracy of a DEM is often assessed through comparison of the DEM
data with differential GPS (DGPS) collected elevation values (Berry et al.,
2007; Gorokhovich and Voustianiouk, 2006; Rodríguez et al., 2006). A
Leica DGPS was used in the field and 252 randomly distributed reference
elevation points were collected. The DGPS elevation data were plotted
on the SRTM and ASTER DEMs, and the elevation values at each DEM
was compared with the DGPS data to derive uncertainty (RMSE) for each
DEM in the rough terrain of the study area.

We used Monte Carlo Simulations (MCS) to evaluate the impact of the
derived uncertainties (RMSE) in the SRTM and ASTER DEMs on computed
slope and aspect. MCS has been commonly used to evaluate errors
in geospatial data specifically in DEMs (Oksanen and Sarjakoski, 2005;
Wechsler and Kroll, 2006). To quantify the uncertainties in a DEM
derived topographic attributes through MCS, DEM is assumed as one of
the possible realization of the true elevation (Wechsler and Kroll, 2006).
Multiple simulations were generated to quantify uncertainties in the
DEM derived topographic attributes through statistical evaluation of
distribution of realizations. The MCS realizations were within the range
of the RMSE derived from the accuracy assessment of the SRTM and
ASTER DEMs. The methodology applied to generate MCS realizations
was adopted from (Wechsler and Kroll, 2006) (Figure 3.2). In total 100
realization were generated every time for the computation of slope and
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Figure 3.1 ASTER DEM covering the study area, showing the epicenter of the
2005 Kashmir earthquake

aspect from the SRTM and ASTER DEMs, and subsequently analyzed to
quantify the uncertainty in the computed slope and aspect.

3.4 Results

3.4.1 Accuracy assessment

Descriptive statistics of the DGPS reference data and the corresponding
elevation values from the SRTM and ASTER DEMs (Table 3.1) shows
that SRTM DEM consistently gives higher elevation than DGPS and the
ASTER DEM. The relatively coarse resolution of the SRTM DEM results in
smoothening of terrain features, leading to lower standard deviation of
the elevation (Table 3.1). Statistical comparison of the DGPS data with
the SRTM and ASTER DEM results in absolute error (RMSE) of 23.71 m for
the SRTM DEM and 13.78 m for the ASTER DEM in the study area . The
absolute error of SRTM in the study area is higher that the documented
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Figure 3.2 Methodology for Monte Carlo Simulation to generate realizations

Table 3.1 Descriptive statistics of the reference data and elevation SRTM and
ASTER DEMs

Statistical parameters SRTM ASTER DGPS
Minimum 861 856 841
Maximum 1962 1959 1954
Mean 1225 1212 1202
Standard Deviation 311 317 318

RMSE of the original SRTM DEM, which could be attributed to the rough
terrain that is in line with Berry et al. (2007); Rodríguez et al. (2006).

Correlation analysis of DGPS data with SRTM and ASTER DEM reveal
strong correlation between DGSP and DEMs (Figure 3.3).

3.4.2 Impact of DEM uncertainties on computed slope and aspect

Impact of random errors in the DEMs on computed slope and aspect was
quantified through Monte Carlo Simulations (MCS). Statistical analysis
of the MCS shows the SRTM DEM to be more consistent in slope and
aspect computation, than the ASTER DEM in the study area (Table 3.2).
The coarse resolution of the SRTM DEM also influences the impact
of random error on computed slope and aspect. The higher value
of the uncertainties in aspect computation is due to the fact that in
GIS software the aspect is computed in degrees that are subsequently
classified in directions. Thus, if there is uncertainty of more than 45 ◦,
the aspect will change; otherwise the aspect will remain the same.
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Figure 3.3 Correlation between ASTER and SRTM DEMs with DGPS data

Figure 3.4 Spatial distribution of MCS quantified uncertainty in (a) aspect and
(b) slope computed from the ASTER DEM

The spatial distribution of slope and aspect uncertainty in Figure 3.4,
shows that the slope computation is sensitive to steep slopes and aspect
computation is sensitive to flat areas, which are in agreement with Carter
(1992) and Florinsky (1998).

3.5 Conclusions

This study assessed the accuracy of the freely available SRTM and
ASTER DEMs in the rough terrain of northern Pakistan. Subsequently the
influence of DEM uncertainty on derived slope and aspect is evaluated.
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Table 3.2 Uncertainty in the slope and aspect computed from SRTM and ASTER
DEMs

DEMs Topographic
Attribute

Minimum Maximum Mean Standard
Deviation

SRTM
Slope 0.06 2.76 1.28 0.26
Aspect 0.3 179.10 24.84 40.15

ASTER
Slope 0.003 5.05 2.09 0.51
Aspect 0.08 179.5 32.61 44.10

Accuracy assessment through comparison of the SRTM and ASTER DEMs
with DGPS samples, shows that in the study area the SRTM DEM has
higher RMSE (±23.71 m) than the stated RMSE that could be attributed
to the rough terrain. The ASTER DEM is observed as more accurate with
RMSE of 13.78 m. The influence of random errors in the SRTM an ASTER
DEMs on computed slope and aspect is quantified through Monte Carlo
Simulation (MCS) that results in higher uncertainty in slope and aspect
computed from the ASTER DEM than from the SRTM DEM. MCS also
reveal the sensitivity of slope computation to steep terrain and aspect
computation to flat areas.
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4Topography induced
amplification of seismic response

4.1 Introduction

Earthquakes are proved to be the most devastating natural disaster with
a high rate of casualties and massive destruction. It is noted, however,
that not all earthquakes cause similar seismic shaking and resulting
damage. Earthquake induced ground shaking and consequently building
damage can vary strongly from one location to other on a scale of a
few hundred of meters or even less. There are several factors that
influence the intensity and duration of ground shaking occurring on a
particular site. The intensity and duration of ground shaking that any
location will experience during an earthquake is a function of three main
factors: 1) earthquake source, 2) medium of propagation, and 3) site
factors. Source effects are the earthquake magnitude, depth and source
mechanism. Large and shallow earthquakes at convergent faults usually
produce ground motions with large amplitudes and long durations. In
addition, higher magnitude earthquakes produce strong shaking over
much larger areas than lower magnitude earthquakes. The distance of a
site from an earthquake affects the actual amplitude of ground shaking
at that specific location. In general, the amplitude of ground motion
decreases with increasing distance from the focus of an earthquake.
The frequency content of the seismic signal also changes with distance.
Close to the epicenter, both high- and low-frequency shaking are present.
Farther away, low-frequency motions (slow deformation) are dominant,

1This chapter is based on the following paper

van der Meijde, M. and Shafique, M. 2010. Importance of topography in seismic
amplification . Asian Disaster Management News 16 , 26-27.

Anggraeni, D., van der Meijde, M., Shafique, M. 2010. Modeling the impact of
topography on seismic amplification at regional scale, Enschede, UT-ITC, p 46.
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a natural consequence of wave attenuation in rock, thereby, in general,
reducing the damage potential.

Analyses of earthquake damage worldwide suggest that the severity
of shaking depends on several local site specific factors besides the
distance and magnitude of an earthquake. Local site conditions can
lead to amplification of seismic waves and to unusual high damage.
Unconsolidated materials, such as sediments and landfills, amplify
ground motions (Flores-Estrella et al., 2007). Certain frequencies of
ground shaking may generate disproportionately large motions because
of wave resonance and/or focusing in basins. Two famous cases of
such local amplification effects have been in Mexico City (1985) where
amplification at specific frequencies occurred in the sediment basin
underneath the city (Flores-Estrella et al., 2007), and in Seattle (1965)
where subsurface topography lead to focusing of seismic energy and
very local amplification in part of the city (Stephenson et al., 2006).

4.1.1 Role of topography

Seismologists have since long being aware of the role of topography, in
influencing the intensity of seismic response. The impact of topography
on the uneven distribution of seismic response and associated devas-
tation has frequently been observed and documented during seismic
events. Recent large events in Pakistan (Kashmir earthquake, 2005),
China (Wenchuan earthquake, 2008), and the recent 2010 earthquake
in Haiti all show manifestations of seismic amplification due to the
topography. This effect has been studied extensively, numerically and
experimentally, at a local scale (single slope or hill), and has shown
amplification of seismic response at ridge crests and de-amplification
at ridge toes (Assimaki and Gazetas, 2004). This effect has, however,
rarely been investigated at a regional scale. Recently, seismologists
have been working towards the development of techniques for near-real
time ground shaking prediction at a regional scale. These techniques
predict the spatial variation of ground shaking at a regional scale, i.e.
large areas without exact boundary and comprising of many topogra-
phic features. The most common and frequently applied tool has been
developed by the USGS, i.e. ShakeMap. This, and other, models do not
consider topography as an independent parameter in the estimation of
ground shaking. And this might be very relevant to do so, as illustrated
by observations that topography can change Peak Ground Acceleration
(PGA) values by over ±50% in rugged terrain (Lee et al., 2009a). Since
most of the seismically active areas are associated with rugged terrain,
investigating and incorporating the topographic impact on seismic res-
ponse is important for the seismic hazard assessment, mitigation and
near-real time seismic shaking prediction.
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4.1.2 Impact of topography on regional scale

Predicting the realistic regional impact of topographic seismic response
is strongly dependent on the resolution and accuracy of regional to-
pographic information. With the widespread availability of the digital
terrain representations generally referred to as Digital Elevation Model
(DEM), many terrain analysis studies have explored the utility of DEMs
and their derived topographic parameters (Shafique et al., 2011a). The
resolution and the accuracy of a DEM has a significant impact on the
quality of DEM derivatives such as slope, relative height, aspect and cur-
vature of the terrain, all very important factors in topographic seismic
amplification analysis (Shafique et al., 2011a). Terrain features smaller
than the DEM resolution cannot be represented distinctly and with their
true value, but instead are averaged to a single pixel value, which is
important when DEM derivatives are used for predictive modeling, such
as for topographic seismic response prediction.

Space borne Shuttle Radar Topography Mission (SRTM) DEM at 90m
and Thermal Emission and Reflection Radiometer (ASTER) derived DEM
at 30m resolution can be acquired with (almost) global coverage and free
of charge. This readily available data can be utilized for exploring the
topographic seismic response at regional and local scale, particularly in
near-real time. Recent studies e.g. (Shafique et al., 2011a, 2008) evaluate
topographic attributes and seismic parameters computed from such
DEMs, to investigate the impact of quality and resolution on the derived
topographic seismic response.

4.2 3D modeling of topographic amplification

Preliminary studies of topographical impact on seismic amplification
were carried out by means of field measurement and analysis of instru-
ment records. An analysis from accelerogram records showed that the
amplification from the hill response was expected 25 to 50% higher than
a flat surface (Boore, 1973). Studies on Chile earthquake was conducted
using dense arrays of seismogram after the main event and the analy-
sis of extensive data reveal that there was substantial amplification of
seismic response on the ridges (Clebi, 1987). However, these previous
methods were limited by inability to quantify the amplification and the
simplified two-dimensional terrain model.

The advances of computer technology and geo-science computation
have made many numerical modeling codes available to be applied in
seismology. Various computing technique have been more frequently
employed to formulate conceptual models and mathematical analysis in
many fields (Jing, 2003). The advancement also was applied to evaluate
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impact of topography on ground shaking studies. Geli et al. (1988)
has reviewed some of the preliminary methods, ranging from finite
element, finite differences, integral equation method and boundary
method by comparing them with the theoretical background of seismic
amplification. In summary, all these computational techniques show
a significant amplification at hill tops and complex pattern of seismic
wave on the hill sides. The limitation from previous works was the
failure to include complex three-dimensional structures. Therefore,
there was a need for taking into account more complex method to deal
with subsurface layering and neighbouring ridges.

In the 1990’s three dimensional models started to develop and were
utilized in topographical impact on seismic response. Hestholm (1999)
carried out a 3D finite differences model of seismic scattering in large
scale area incorporating free surface topography of synthetic parabolic
hills. Following this development, 3 x 3 km aperture NORESS topo-
graphic data was employed in the model using the same numerical
techniques. Ripperger et al. (2003) applied finite differences to simulate
seismic motion induced by the Merapi volcanic activity with the fine
spacing grid of 15 m. The combination of finite differences computation
techniques and DEM utilization was a big improvement in realistic seis-
mic amplification. However, the finite differences method was limited by
the long computation time and more accurate computational techniques
were suggested adequate to integrate fine resolution DEMs with precise
calculations.

4.2.1 Spectral element method (SEM) for seismological computation

An improvement with respect to the existing methods came up from
the demand for accurate calculations and the use of realistic earth
models. The method used was called the spectral element method
(SEM) which combines the flexibility of a finite element method with
the accuracy of a spectral method. It adopted the basic theory of
computational fluid dynamics to simulate seismic waves, and since then
it has been applied in various aspects of seismology, for instances in
complex geological media (Casarotti et al., 2007), global seismic wave
propagation (Komatitsch et al., 2002) and investigating basin effect
on seismic motion (Delavaud et al., 2006). Komatitsch and Tromp
(1999) defined the modeling environment of SEM as a finite earth model.
The displacement field of earth was determined by an earthquake in a
finite earth model. This volume model was bordered by a stress-free
surface and absorbing boundary. The earthquake source that triggers
a seismic wave and this artificial epicenter can be placed anywhere
inside the volume block. The free surface reflects the seismic wave and
ideally the artificial boundaries absorb the seismic waves. This boundary
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condition is appropriate for simulating topographic effects on seismic
amplification because the vertical sides absorb the seismic wave and the
free surface reflect and refract as it interacts with the seismic wave.

Recently, SEM technique on computational seismology was extensi-
vely improved and developed. The computational technique was used
to simulate global seismic wave propagation including the effect of
oceans, rotation and self-gravitation (Komatitsch et al., 2004, 2002).
Following this, the global seismology simulation was applied in 3D to
in-homogeneous earth model with deformed geometry (Chaljub et al.,
2007). The computational code also has been made available as the
SPECFEM software package by Computational Infrastructure of Geody-
namic as part of GeoWall consortium (CIG, 2009). CIG has developed
and published a number of model types ranging from regional wave
simulation in 1 Dimensional surface (SPECFEM1D Version 1.0.0), regional
wave simulation in 2 dimensional environments (SPECFEM2D Version
5.2.2), wave simulation in 3 dimensional basins (SPECFEM3D Version 1.4)
and global simulation of wave propagation in entire earth (SPECFEM3D
Globe Version 4.0.3).

In general, SPECFEM packages offer simulation of seismic propagation
in various environments. The simulation also includes effects due
to lateral variations in compressional-wave speed, shear-wave speed,
density, a 3-D crustal model, ellipticity, wave propagation characteristic
in the oceans, topography and bathymetry (Casarotti et al., 2007).

In SPECFEM3D it is possible to integrate highly diverse 3D structures
through a realistic DEM of the earth’s surface as an input in the program.
Several studies have been carried out combining the spectral method
with realistic topography and show more detail and realistic seismic
wave simulations at regional scale (Lee et al., 2009a,b).

4.3 SPECFEM Methodology

The SPECFEM3D usually work in three main steps (1) mesh generation
(2) simulation of seismic waves through the mesh using the solver
and (3) the solver output visualization and subsequent interpretation
(Figure 4.1). The package has built-in functions for mesh generation
and subsequent running the solver, however, for the visualizing of
the output other freeware software’s such OpenDX or Paraview can be
used. The code was written in Fortran95 language and the simulation is
operated under Linux operational system.

In this study, SPECFEM3D-1.4.3 package was applied to simulate the
seismic wave propagation and model the topography induced amplifi-
cation of seismic response. This package is specifically designed for
regional or local scale seismic wave propagation.
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Figure 4.1 Flowchart showing the methodology used to evaluate impact of
topography on amplification of seismic response. To evaluate topographic
impact on amplification of seismic response the PGA map is generated once
with topography and again without topography. Subsequently we used the
formula proposed by Lee et al. (2009a) which is to subtract PGA value for
the model without topography from the model with topography, then divide
the result by PGA value without topography, and multiplied by 100 to get a
percentage

We have considered Haiti Earthquake (12 January 2010, Mw 7) as a
case study for evaluating the topographic impact on amplification of
seismic response. The ASTER DEM derived topography for the area was
used as input to the SPECFEM3D. The boundary coordinates of the study
area and depth of the mesh are specified for mesh designing. Figure 4.1
shows the workflow followed to evaluate impact of topography on
amplification of seismic response.

4.3.1 Model parameterization and mesh design

Designing of high quality and realistic mesh of the study area is the
critical step for any numerical code based simulations and requires
extensive experience and expertise. Often the fine resolution meshes at
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Figure 4.2 SPECFEM3D derived meshes with topography and the buffer layers

a regional scale are too large to be built on a single computer and there-
fore requires clusters of parallel computers with distributed memory
(Casarotti et al., 2007).

In SPECFEM3D the mesh block is divided into two layered-cake mo-
dels by one or more buffered layers. This layered model is constructed
with hexahedral elements with coarser mesh at the bottom to adopt
the seismic wave wavelength that generally increased with depth (Fi-
gure 4.2). The finer mesh at the surface is capable to model the complex
topography of the ground surface (Figure 4.2).

In the SPECFEM3D-1.4.3 there is an internal mesh generation capa-
bility called Mesher. In designing the mesh through the Mesher the
parameters like study area boundary coordinates, mesh resolution, the
required output like shaking maps are specified. In the recent versions
of SPECFEM like SPECFEM-2.0.0. are also compatible with professional
meshing software’s like Cubit (Casarotti et al., 2007). Cubit is capable of
building the complex mesh also including the regolith filled valleys and
subsurface discontinuities in the Mesh for subsequent analyses through
the SPECFEM solver. In this study we have used the internal Mesher of
the SPECFEM3D-1.4.3 with the ASTER DEM derived topography as input
to the model (Figure 4.3).

Resolution of the mesh is a critical step to consider and directly
related the input data and computation duration (Figure 4.4). Fine
resolution mesh designing and subsequent simulation leads to realistic
results, however, requires fine resolution topography and extensive
computation power that is always not feasible.
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Figure 4.3 SPEFECM3D derived mesh with topography of the study area

Figure 4.4 Impact of the given mesh and elevation data resolution on derived
mesh
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4.3.2 Earthquake source parameters

Earthquake source characteristics (magnitude and depth) and the focal
mechanism of any seismic event is summarized in a CMT Solution file
which is an earthquake event file based on centroid moment tensor
methods of earthquake focal mechanism. CMT solution files for any
previous seismic event can be acquired from the CMT website (CMT,
2006). Optionally, topography or bathymetry or both can be taken
into account into the simulation. To include Haiti earthquake source
characteristic we applied CMT Solution information downloaded from
CMT website (CMT, 2006).

4.3.3 Output generation

The SPECFEM3D derived mesh and shaking map can be visualized either
in ParaView software or OpenDX. SPECFEM3D is capable of deriving
acceleration, displacement and velocity maps. Further the synthetic
seismograms at given locations can be generated. In this research,
ParaView is used for mesh and shaking map visualization. SPECFEM3D
also generates shaking maps in ASCII files contains longitude, latitude
and PGA values which can be subsequently plotted in GIS software for
visualization and further analysis.

4.3.4 Amplification maps

SPECFEM3D do not automatically generate amplification maps. To de-
rive the topography induced amplification map, we used the formula
proposed by Lee et al. (2009a) which is to subtract the Peak Ground
Acceleration (PGA) map without topography from the PGA map with
topography, then divide the result by PGA map without topography, and
multiplied by 100 to get a percentage. Percentage value refers to topo-
graphy induced amplification or de-amplification of seismic response.

4.4 Results

The topographic induced amplification map (Figure 4.5) of the study
area shows the significant impact of topography on variation of seismic
response. Figure 4.5 illustrate amplification of seismic response on the
ridges and de-amplification in the valleys. This is consistent with other
studies e.g. Lee et al. (2009a,b). Additionally, the sides of hills show
a very complicated amplification pattern. One pattern that sticks out
though is that amplification was found in slopes facing away from the
epicenter of the earthquake and de-amplification on slopes that face
toward the epicenter.
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Figure 4.5 (left) Amplification map for Haiti based on ASTER DEM (after
Anggraeni et al. (2010). Map indicates (de)-amplification in % with respect
to situation without topography. Clearly visible is the amplification effect on
ridges and de-amplification in valleys and as ’shadow’ effect on slopes that are
facing towards the earthquake source. Clearly is seen that the much higher
detail is provided on local PGA extremes compared to output from ShakeMap
(right). The result could be combined with results from ShakeMap to provide
more accurate PGA values after an earthquake.

4.5 Conclusion

The impact of topography on variation of seismic induced ground sha-
king is evaluated using the Spectral Finite Element Code (SPECFEM3D) at
a regional scale. Remote sensing derived ASTER DEM is used as input for
modeling in SPECFEM3D. Topography induced amplification of seismic
response is observed on ridges and de-amplification in the valleys that
is consistent with other studies. SPECFEM3D can be used to include
other parameters like regolith thickness and geology to evaluate their
impact on amplification of seismic response.
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5Regolith modeling using
geophysics and remote sensing
data

5.1 Introduction

Regolith thickness, also referred to in geotechnics and civil engineering
as "soil thickness" (Craig, 1992), influences the rate and intensity of na-
tural disasters such as landslides, erosion and liquefaction. In particular,
it is a major component of seismic risk and subsequent damage pat-
terns mediated by the intensity of ground shaking during earthquakes
(Kamatchi et al., 2010; Shafique et al., (in press)). Pedology soil maps
generally do not show thicknesses greater than 2 m, and surficial geo-
logy maps do not show the spatial distribution of thickness within map
units. Spatially-explicit information on regolith thickness is therefore
sparsely available and, because of that, often ignored in studies model-
ling seismic responses to regional earthquakes (e.g. Bouckovalas and
Papadimitriou (2005) and Shafique et al. (2011a)).

In depositional landscapes, where regolith thickness ranges from
a few meters to tens of meters, a dense network of measurements of
regolith thickness by drilling to bedrock is impractical. Direct measure-
ments of regolith thickness are only possible along the drainage network,
where bed rock is occasionally exposed by erosion, or at scarps between
landforms. Yet these landscapes are where most human settlements,
and hence risk of earthquake damage, are found. In such landscapes,
it may be possible to infer regolith thickness from the difference in
geophysical properties between overlying regolith and underlying be-
drock. In particular, because of the porosity and moisture in regolith

1This chapter is based on the following paper
Shafique, M., van der Meijde, M., D. G. Rossiter, 2011. Geophysical and remote sensing-
based approach to model regolith thickness in a data-sparse environment. CATENA, 87
(1), 11-19.
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and good conductivity of ground water, the electrical resistivity of over-
lying regolith is much less than that of the underlying bedrock (Vincent
et al., 2001; De Vita et al., 2006). This considerable variation in electrical
resistivity can be used to determine the depth to bedrock. Electrical
resistivity surveys are able to record subsurface images hundreds of
meters long that can be used to explore lateral and vertical variation of
regolith thickness within transects. These can serve as inferred obser-
vations, combined with the opportunistic direct observations, to map
regional regolith thickness, given a suitable model of spatial variability.

The objective of this work was to develop a generic method to map
regolith thickness, along with its uncertainty, at regional scale in depo-
sitional landscapes with limited direct observations, to assist in earth-
quake disaster planning and mitigation. The key tools that make this
possible are (1) satellite remote sensing as a source of a digital eleva-
tion model (DEM) and geomorphic image interpretation, (2) electrical
resistivity survey, and (3) empirical statistical modelling of thickness.

5.2 Material and Methods

5.2.1 Study area

The study area covers 41 km2 including the cities of Muzaffarabad, Gari
Habib Ullah and Balakot (Figure 5.1). The study area was struck by the
Kashmir earthquake (Mw 7.6) in 2005, causing widespread devastation.
The study area is arranged along the river Jhelum and its tributaries
Kunhar and Neelum (Figure 5.1). The climate of the area is monsoonal
with an annual precipitation at Muzaffarabad of about 1500 mm, with
more than one-third of it falling during the monsoon season of July
and August (DCR, 1998). During the winter, snowfall on higher peaks
leads to piling of several meters of snow (DCR, 1998). In summer the
snow begins to melt resulting in a rise in the river level downstream.
The flow increases at Gari Habib Ullah from 20 m3s−1 in January to 180
m3s−1 in July, resulting in downstream flooding (Scally, 1994). This
seasonal fluctuation in the river discharge leads to the development
of river terraces and flood plains. The steep upper catchments above
the study area are formed from sedimentary rocks including sandstone,
limestone and shale (Hussain et al., 2004; Latif et al., 2008). Material
weathered from these rocks is transported by streams and deposited
as alluvial fans. The towns of Balakot and Gari Habib Ullah are built on
the deposits of the River Kunhar and its tributaries, and Muzaffarabad
town is on those built by the rivers Neelum, Jhelum and their tributaries
(Figure 5.1).
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Figure 5.1 Location map of study area, ASTER DEM of Balakot, Gari Habib
Ullah and Muzaffarabad towns, northern Pakistan

5.2.2 Methodology

5.2.2.1 Geomorphic mapping

Regolith thickness is expected to co-vary with geomorphology. To cover
a large area without detailed ground survey, synoptic remote sensing is
the obvious source of information. In this study we used two sources of
satellite-based imagery: (1) the Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER) derived digital elevation model (DEM)
with 30 m horizontal resolution (acquired September 2005), and (2)
SPOT-5 with 2.5 m horizontal resolution (acquired October 2005).

The ASTER DEM was used to derive the drainage network using Arc
Hydro tools in ArcGIS software, after which the distance of each pixel
from the nearest drainage was calculated. The SPOT-5 imagery was used
as a base map for manual digitization of the main rivers and landforms.
These were visually identified and demarcated based on their distinct
shape and field knowledge. Topographic information from the ASTER
DEM and geological maps (Hussain et al., 2004; Latif et al., 2008) were
consulted to assist in the demarcation. Alluvial fans were mapped
based on their distinct fan type shape, association with streams, and
inclination (Blair and McPherson, 1994). Contrary to alluvial fans, flood
plains and river terraces show less inclination (Schneevoigt et al., 2008)
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and their orientation is parallel to the river. The classified landform map
was further verified in the field and boundaries of the landforms were
adjusted for those places where the landscape had changed, between
2005 and the fieldwork in 2009, or where the interpretation was not
clear from the remote sensing data.

5.2.2.2 Data collection

We applied a purposive sampling scheme to collect regolith thickness
samples at representative sites of classified terrain elevation, landform
classes and distance from river (Figure 5.2 and Table 5.1). The study
area consists of densely-populated valleys surrounded by rugged terrain.
It was not possible to collect sample neither systematically on a regular
grid nor by random allocation of observation points. Furthermore, in
the built-up areas there was not enough open space to collect resistivity
profiles. Hence the sampling scheme was purposive, leading to an
irregular and uneven distribution (Figure 5.2).

Direct observations of regolith thickness were mostly collected along
the boundaries of the demarcated landforms where access was possible
and outcrops were exposed (Figure 5.2a and c). The location of each
observation was recorded with GPS, and its elevation, distance to the
stream, and the landform class was extracted from the corresponding
map.

5.2.3 Electrical resistivity

Electrical resistivity is a non-destructive geophysical technique for mea-
suring lateral and vertical variation of subsurface electrical resistivity.
Resistivity measurements are made by inserting a controlled direct elec-
trical current (DC) into the ground through electrodes. The electrical
current follows the subsurface resistivity distribution. The potential
difference between two electrodes at a certain distance away from the
source is a function of the subsurface structure. When the electrode
spacing is varied, or the whole array is moved, then the measured poten-
tial difference will, in general, change. Depth of penetration is in general
a function of the spacing between current and potential electrodes. If
current and potential electrodes are close to each other, the depth of pe-
netration is shallow. If they have a large separation, information on the
subsurface resistivity distribution can be retrieved from greater depths.
Combining measurements of many different electrode combinations
along a line allows the calculation of the 2D distribution of electrical
resistivity along the transect (Nijland et al., 2010). The patterns of resis-
tivity in the soil result from lithology, porosity, structure, temperature,
and water content (Lowrie, 2007), all of which differ between regolith
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and bedrock (Vincent et al., 2001). Electrical resistivity is able to de-
tect continuous lateral variation of regolith thickness throughout the
transect.

Electrical currents were inserted and measured according to the
dipole-dipole configuration (Telford et al., 1990) along 24 profiles (Table 5.1).
This configuration was chosen since it can penetrate deeply, is sensitive
for lateral variation of horizontal layering as required for bedrock detec-
tion, is easy to use and has good resolution (Mussett and Khan, 2000;
Roth et al., 2002). The electrode spacing and array length was selected
such that at least the measured regolith thickness for the specific land-
form was reached; this thickness was derived from point observations
on the landform. The penetration depth is controlled by the maximum
dipole-dipole spacing which is a function of electrode spacing and array
length. An electrode spacing of 2 m was applied in flood plains and 4 m
in river terraces and alluvial fans. The transect lengths were also selec-
ted according to measured regolith cover on landforms, with shorter (80
- 100 m) on flood plain and longer (150 to 240 m) on river terrace and
alluvial fan. Inversion of the data was done with EarthImager2D (AGI,
2010). A starting resistivity model is constructed based on the average
measured potential. Then a forward modeling is carried out over the
starting model. The initial root mean squared error (RMSE) is calculated.
The inverse problem is then linearly solved based on the current model
and data misfit to produce a model update. The above steps are then
repeated till the RMSE fulfills the pre-set inversion criteria (AGI, 2010).

Resistivity profiles were recorded perpendicular to the rivers and
streams so that the relation between distance from river and regolith
thickness could be observed. Validation of resistivity profiles with direct
regolith thickness observations was done for five profiles. Regolith
thickness was measured from resistivity profiles at spacing of 30 m
(Figure 5.2b) to be corresponding with the ASTER DEM resolution and
was added to the database of direct observations of regolith thickness
(Table 5.1).

5.2.4 Statistical modeling of regolith thickness

In our generic approach the spatial distribution of regolith thickness
is considered to be a combination of a deterministic component, de-
pendent on co-variables with continuous spatial coverage, and a spatially-
correlated random component, plus unexplained random noise. We
propose a multiple linear regression (MLR) model of regolith thickness
predicted by a number of covariables, possibly with spatial dependence
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Figure 5.2 Location map of measured regolith thickness samples and resis-
tivity profiles (a) Sharp edges along the river terrace with measured regolith
thickness in Balakot (b) Regolith thickness samples derived from resistivity
profile (c) Sharp edges along the alluvial fan with measured regolith thickness
in Muzaffarabad

between model errors:

y = Xβ+ ε, ε ∼ Nn(0, Cεε) (5.1)

In this model errors have a covariance structure Cεε; therefore it
must be fit by generalized least squares (GLS) (Fox, 1997, 2002), which
takes the covariance structure into account. The model coefficients
bGLS are estimated as:

bGLS = (X′C−1
εε X)−1X′C−1

εε y (5.2)

The covariance structure between the model residuals of each pair of
observations is expressed as a covariance function of the distance bet-
ween them. If there is no spatial dependence between model residuals,
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the errors are independently and identically distributed, with zero mean
and the same normally distributed variance the model reduces to:

y = Xβ+ ε, ε ∼ Nn(0, σε) (5.3)

which is solved by ordinary least squares (OLS):

bOLS = (X′X)−1X′y (5.4)

Any spatial covariance between GLS model residuals is not known
until the GLS model is fit, yet to fit the model requires knowledge of
the covariance structure. This "chicken-and-egg" problem is resolved by
first fitting the model by OLS, obtaining the residuals from that model,
modelling their covariance structure, fitting the GLS model with this
structure, obtaining the new residuals, and iterating until convergence.
In practice a single iteration is usually sufficient.

Regolith thickness is modelled by predictors expected by theory or
field observation to have a relation with the target property. In our case,
these were landform, elevation, and distance from stream. A hierarchy
of linear models was built based on a calibration set and fit by OLS, using
the ’lm’ linear modelling function of the R environment for statistical
computing (Ihaka and Gentleman, 1996; Team, 2010). The models were:
landform only, elevation only, distance only, elevation and distance
additive and interactive, elevation nested within landform, and elevation
and distance to stream nested within landform additive and interactive.
Models were compared by (1) their root mean squared error (RMSE) of
prediction for an independent validation set; (2) their adjusted fits, and
(3) model diagnostics: normality and homoscedascity of residuals, and
no observations with undue leverage (Fox, 1997, 2002).

The residuals from the best linear models fit by OLS were then in-
vestigated for spatial autocorrelation by computing and plotting their
empirical variograms, using the ’gstat’ and ’sp’ R packages (Bivand et al.,
2008; Pebesma, 2004). If there was evidence of spatial structure, this
was quantified by fitting variogram models to the empirical variograms.
Anisotropy was investigated with variogram maps and directional vario-
grams, and if present, accounted for by anisotropic variogram models.
The model form was estimated by inspecting the empirical variogram
and from theoretical considerations of the process giving rise to spatial
dependence. In our landscape short-range continuity is strong, sugges-
ting a Gaussian model of spatial dependence, and measurement errors
are substantial, suggesting a large nugget variance.

Once the model form was selected, estimated distance parameter,
structural sill and nugget variances were first adjusted by weighted least-
squares (WLS), with variogram bins weighted proportional to number
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of point-pairs, and inverse-squared proportional to separation, using
the ’fit.variogram’ function of gstat. Since the variogram was somewhat
irregular due to a small number of observations (< 300 observation
points, see Webster and Oliver (2007)) a more reliable fit was obtained
with the ’fit.variogram.reml’ function of gstat, which uses restricted
maximum likelihood directly on the variogram cloud, using the distance
parameter from the WLS fit.

The best linear model was then re-fit to the calibration set by GLS
using the ’gls’ method of the ’nlme’ R package, following the approach
explained by Pinheiro and Bates (2000). This method requires an ini-
tial estimate of the spatial correlation structure; for this we used the
REML-fitted variogram model. The ’gls’ method iteratively adjusts the
correlation structure along with the linear model parameters, to achieve
maximum likelihood; this solves the "chicken-and-egg" problem inherent
in GLS models.

A random subset (2/3) of the regolith thickness samples were used
for calibration of the linear model, while the remaining (1/3) were used
for its validation (Figure 5.2) as the root-mean-squared error (RMSE)
of actual vs. predicted thicknesses at the validation points. Maps of
predicted regolith thickness and its prediction variance were produced
from the selected linear model applied to the entire sample set.

5.3 Results

5.3.1 Landform interpretation

The interpreted landforms are shown in Figure 5.3. Alluvial fans are
associated mostly with the tributaries of the river Jhelum, Neelum and
Kunhar. There are sharp scarps (see photos in Figure 5.2 a,c) at most
landform boundaries, which allow distinction from the adjacent land-
form. These sharp transitions are indicative of abrupt variations in
regolith thickness (Figure 5.3). Table 5.2 lists the summary of field ob-
servations by landform; there is a clear difference both in thickness (fan
> terrace > plain) and within-stratum variation (fans show much more
variability than plains and terraces). The large variation in alluvial fans
is a result of inclined slopes from side valleys towards the main stream,
with thinner regolith cover at the top and accumulation of materials at
the bottom. Not included in the sample overview (Table 5.2), but added
as a priori constraint in the modeling, is that regolith thickness in the
riverbeds is considered to be zero as a result of active ongoing erosion.
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Samples at
exposed be-
drock

Resistivity
Profiles (R.P)

Interpreted regolith
depth from R.P

Total

106 24 91 197

Table 5.1 Measured regolith thickness and resistivity profiles

Landforms Count Minimum Maximum Mean Standard
devia-
tion

Alluvial Fan 40 11 28 19.6 5.3
River Terrace 77 9 19 13.3 2.3
Flood Plain 80 2.2 10 6 2

Table 5.2 Descriptive statistics of measured regolith thickness in each land-
form

Figure 5.3 Geomorphological classification of study area derived from image
interpretation of the SPOT-5 image, geological map and the ASTER DEM (a)
Landform map (b) Perspective overview of the Muzaffarabad
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5.3.2 Resistivity profiles interpretation

Because of the difference in resistivity between regolith and bedrock,
a sudden increase in resistivity values with depth was interpreted as
regolith-bedrock interface (Figure 5.4) as suggested by e.g. De Vita
et al. (2006). Interpreted resistivity measurements were compared with
the nearest directly observed regolith thickness for five transects. The
validation of the interpreted depth to bedrock from resistivity profiles
with unbiased measured regolith thickness resulted in RMSE of 0.7 m of
the mean thickness. The inversion statistics of resistivity data resulted
in RMSE < 3%. Because of the abundance of pore water in the flood plain
regolith and/or higher clay content, the range of the resistivity values
was significantly less in the flood plain than for the profiles on the
alluvial fans and terraces (Figure 5.4). The interpretation of thickness
was therefore based mainly on the relative variation in each profile
rather than on absolute values. The resistivity profiles also show that
the effect of distance from stream on regolith thickness is stronger in
flood plains than on river terraces and alluvial fans. Figure 5.2b shows
how the regolith thickness observations, at 30 m spacing, inferred from
the resistivity profiles provide information on intra-landform regolith
variability.

5.3.3 Statistical modelling of regolith thickness

An OLS-fitted linear model of regolith thickness of the calibration set
based only on elevation, distance, or their combination was poor, as
expected, explaining less than 8% of the total variance (as measured by
the adjusted R2 of fit). A model based only on landform was fairly good,
explaining 72.1% of the variance; adding elevation as nested within
landform substantially improved the fit (adjusted R2 88.2%); further
adding distance to stream gave the highest fit (adjusted R2 91.7%.). An
interaction model was not as good as the additive model. Distance to
stream was only weakly correlated with elevation (Spearman’s r=0.22),
so these predictors are fairly independent. Linear regression diagnostics
were satisfactory for the landscape and elevation model as well as the
landscape, elevation and distance model; the more complex model was
statistically superior (AIC 550 vs. 593, residual sum of squares 386
vs. 548 with 3 more degrees of freedom, F-ratio 18.0). This model was
selected as the form of the GLS model.

An initial estimate of the spatial correlation structure of the model
residuals was estimated by a REML fit of a Gaussian model to their
variogram cloud. Using a distance parameter (144 m, i.e., effective range
268 m) estimated from a WLS fit to the empirical variogram with 10 bins
to a cutoff of 500 m; the REML estimate was a structural sill of 2.56
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Figure 5.4 Inverted resistivity profiles recorded on three landforms, (a) Flood
plain (b) River terrace (c) Alluvial Fan. The dashed lines show the interpre-
ted regolith-bedrock interface, the black arrows show the predicted regolith
thickness at these sites and the blue arrows show the nearest measured regolith

m2 and a nugget variance of 0.29 m2, for a nugget ratio of 0.103. This
initial estimate was changed to distance parameter 155 m, nugget ratio
0.097 by the iterative fit implemented by the ’gls’ method, indicating a
good initial estimate of the spatial structure.

The calibrated OLS and GLS models were both applied to the valida-
tion set; GLS validation residuals had a slightly narrower overall and
inter-quartile range but a poorer RMSE of prediction (0.239 vs 0.228
m). Figure 5.5 shows the OLS validation plot. Thus in this case the GLS
model did not improve the model, due to weak local spatial structure of
the OLS residuals. That is, most spatial dependence is removed in this
case by the linear model which includes smoothly-varying elevation and
distance from stream. Therefore we continued with the OLS model for
interpretation and prediction.

The OLS model coefficient (Table 5.3) for the intercept represents a
zero-distance, zero-elevation thickness on the first-listed landform, i.e.
the alluvial fan. Since the minimum land elevation in the study area is
614 m, the intercept corresponds to 25.40 m thickness on an alluvial
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(Intercept) 48.33 1.83
Flood Plain -38.03 2.54
River Terrace -26.19 2.35
Alluvial Fan:z -0.0357 0.0025
Flood Plain:z -0.0078 0.0022
River Terrace:z -0.0103 0.0017
Alluvial Fan:d.stream -0.0007 0.0013
Flood Plain:d.stream 0.0087 0.0010
River Terrace:d.stream -0.0001 0.001

Table 5.3 Coefficients of the selected feature-space model (z: elevation (m);
d.stream: distance to nearest stream, (m))

Figure 5.5 Validation of predicted regolith thickness with measured regolith
thickness
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fan at this hypothetical location. Table 5.2 shows that regolith is on
average thinner on flood plain and terraces than on the fans. Negative
coefficients for elevation show that regolith becomes thinner at higher
elevations: about 3.57 m, 0.78 m and 1.03 m thinner per 100 m elevation
gain on fans, plain, and terraces respectively. Much of this effect is due
to the low south-east portion of the area, which has thicker regolith. This
negative relation of regolith thickness with elevation in all the landforms
is due to gravity-induced redistribution of regolith downslope and is
supported by other studies (Kuriakose et al., 2009; Shafique et al., 2011c).
The higher negative elevation coefficient in alluvial fans is due to their
typical inclination and hence greater gravitational effect; this is amplified
on some of the long fans in the area. The additional effect of distance
to stream is only significant on flood plains, 0.87 m thicker per 100 m
distance away from the stream. This can be explained by continuous
erosion of regolith at river banks.

5.3.4 Regolith thickness map

The OLS model (Table 5.3) was used to predict regolith thickness. This
model reproduces the observed major effect of landforms on the spa-
tial distribution of regolith thickness, and the sharp contrast between
landforms. The correlation between landform and regolith thickness
is visualized in Figure 5.6 where an overlay is shown for a subset of
the study area. Figure 5.7 shows the predicted regolith thickness in
the whole study area, along with its standard error. Within a landform
there is some variation due to elevation (decreasing thickness at higher
elevations within all landforms; this also implies greater thickness in the
low south-east portion of the area) and distance to stream (increasing
with distance on flood plains, no significant effect on fans and terraces).
Prediction standard errors are small on flood plains; the greater varia-
tion within alluvial fans, only partially explained by the model, results
in the larger standard error.

5.4 Discussion

Resistivity imaging enables spatial imaging of smoothed soil characte-
ristics down to a depth of over 30 m. This approach currently fills a
gap in detection methods for regolith thickness and is applicable where
other methods fail for logistical and/or economical reasons. Large areas
can be covered relatively quickly and at low cost, it is possible to cover
a few km per day with continuous measurements under ideal condi-
tions. However, steep topography, dense vegetation cover or populated

61



5. Regolith modeling using geophysics and remote sensing data

Figure 5.6 Influence of landforms on predicted regolith thickness. The sharp
contrast in regolith thickness follows the landform boundaries as observed.
The spatial extent is represented by the rectangle in Figure 5.7
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Figure 5.7 (a) Predicted regolith thickness in the study area. Rectangle re-
present spatial extent of Figure 5.6 (b) standard error

areas with paved ground limit the applicability of this technique due to
problems of physical access.

During the interpretation we have used the lateral extent and conti-
nuity of a sudden increase in resistivity as an indicator for the bedrock-
regolith interface. The determination of the interface depth can be
subjective since the change in resistivity is not sharp but happens over
an interval. This is inherent to resistivity imaging where inversion mo-
del’s cell size is dependent on the electrode spacing used. However, our
analysis is supported by nearby visual observations of regolith thick-
ness. These observations and a careful analysis of the steepest gradient
resulted in accurate estimations of regolith thickness. In some cases, for
example the profile in Figure 5.4c, intra-regolith anomalies also show a
sudden increase in resistivity over most of the length of the survey at
shallow depth. In those cases a priori information on the expected depth
in the landform and the fact that the regolith-bedrock interface should
be the least disturbed interface assisted in the definitive identification
of this interface.

Standard errors of prediction ranged from 0.19 to 1.94 m (median
0.35 m) on a mean observed thickness of 11.61 m; this is an excellent
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result, especially given the small number of observations, and certainly
adequate for ground-shaking models (Alvarez et al., 2005). The median
standard error is of the same order of magnitude as the validation RMSE
(0.23 m), showing that the model well estimates its own reliability.

The total number of observations (136 calibration points) for model-
ling the spatial structure of linear model residuals was small. Simulation
studies (Webster and Oliver, 2007) have shown that 150 points are a
minimum for reliable modelling, and sizes of 250 or more preferred.
Still, we proceeded, albeit with caution, because small sample sizes are
a reality in much geotechnical work, and because empirical variograms
revealed clear evidence of local spatial correlation of the residuals. In
the event, this did not improve the model, but in the generic approach
we advocate, it must be examined.

There are other approaches to dealing with local spatial structure
in feature-space modelling. Lark and Cullis (2004) used model-based
restricted maximum likelihood (REML) to fit the spatial structure and
deterministic component simultaneously; we chose a stepwise approach
which shows the relative importance of the two components. If there
are sufficient sample points to map the spatially-correlated component,
kriging with external drift or regression kriging (Hengl et al., 2007) may
be used. This goes one step further than our approach, in that the
model residuals are then used to show the fine structure of local spatial
dependence in addition to the feature-space model. In our case, since
the GLS fit did not improve the validation, there is not enough evidence
that the modelled spatial structure of residuals is reliable enough to use
for further mapping.

It is also possible to model local structure only and map using
Ordinary Kriging (OK); however, this is patently unsuitable when there is
strong dependence on feature-space predictors, as is almost always the
case with regolith thickness. In our area these were landform, distance
to stream and elevation; in steep terrain these might be slope and
curvature.

The residual variogram was best fit with a Gaussian model, characte-
ristic of strong spatial continuity. These are most commonly used for
phenomena which by their nature do not change abruptly, e.g. ground
water level or terrain elevation. Regolith thickness would not seem to be
in this category; however, the resistivity profiles (Figure 5.4) did show
strong continuity in these depositional landforms.

Our approach was especially suited to thick regolith on depositional
landforms with abrupt boundaries. Although performing an electrical
resistivity survey could be more difficult in erosional landforms, the
other elements of the approach would seem to be applicable. Other
covariables, such as slope, curvature and wetness index, might then
substitute for distance to stream and elevation.
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5.5 Conclusion

We presented a generic approach for regolith thickness modeling based
on a combined interpretation of geophysical investigations and remote
sensing derived geomorphic and topographic parameters. This approach
is an alternative for regolith thickness modeling in regions where pos-
sibilities for data collection are limited due to terrain characteristics.
Input for the regolith thickness modeling consisted of field observations
(both direct and indirect), landform boundaries, distance to stream and
terrain elevation derived from remote sensing. Direct field observations
of regolith thickness were made at boundaries of landforms. Geophysi-
cal resistivity imaging provided indirect observations on spatial trends
of intra-landform regolith thickness variation. Landforms are derived
from geomorphic analysis of ASTER and SPOT-5 imagery and turned
out to be the major predictor for regolith thickness (Adjusted R2=72.1).
The final multiple linear regression model explains 91.7% of regolith
thickness variation in the area. The proposed procedure can be recom-
mended for landscapes with limited field observation, deep and abruptly
varying regolith.
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6Impact of regolith thickness on
earthquake induced damage

6.1 Introduction

Earthquake induced ground shaking at a site depends on earthquake
source, medium, physical and geotechnical characteristics of the site.
Characteristics of earthquake ground shaking that are of significant
importance for buildings are duration, amplitude (displacement, velo-
city and acceleration) and frequency of seismic waves (Kramer, 1996).
Performance of buildings during an earthquake is influenced by under-
lying soil type, depth, type of foundation, soil-foundation interaction
and nature of ground shaking (FEMA, 2005; Ruiz-García and Miranda,
2003). Quick and realistic assessment of building damage is often the
top priority after a seismic event for quick and effective response ac-
tivities. Spatial distribution of earthquake induced damages can be
expressed in the Modified Mercalli Intensity (MMI) scale (Mahajan et al.,
2006), or in various building damage classes through satellite remote
sensing images (Turkera and Cetinkaya, 2005). Remote sensing images
are frequently being used for structural damage assessment, providing
a quick synoptic view of the spatial distribution of structural damages
for effective response activities (Dong et al., 2010; Kerle, 2010; Turkera
and Cetinkaya, 2005). The potential application of satellite remote sen-
sing for quick damage assessment triggered the International Charter
"Space and Major Disasters" (www.disasterscharter.org) providing fine
resolution remote sensing images after natural or man-made disasters.
The remote sensing images can be used for quick and realistic damages
assessment at regional and local scale; however, at individual building
level they are prone to specific errors. Damages such as pancake col-

1This chapter is based on the following paper
Shafique, M., van der Meijde, M., Saleem, U., 2011. Regolith modeling and its relation
to earthquake induced building damage; a remote sensing approach. Journal of Asian
Earth Sciences, 42 (1-2), 65-75.
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lapse, damages in densely populated areas, slight damages and minor
or major cracks in affected buildings cannot be identified from remote
sensing images. Furthermore, cloud cover poses problems in image
based damage assessment (Kerle, 2010).

The term "soil" is also used as a zone of contact between atmos-
phere, biosphere, hydrosphere and lithosphere (White, 2005), to avoid
confusion, the term "regolith" is used here to define unconsolidated
surface material resting above consolidated bedrock. Regolith induced
amplification of seismic response is well known and observed as the
key factor in spatial distribution of structural damages during many
recent and historical earthquakes (Flores-Estrella et al., 2007; Joyner,
2000; Stanford, 2008; Su et al., 1992). Primary geotechnical parameter
associated with regolith induced seismic amplification is the impedance
contrast between the near surface regolith layer and underlying be-
drock (Hough et al., 2010). Borcherdt (1970) and Donati et al. (2001)
respectively observed 10 and 20 times greater seismic responses on
thick regolith than those recorded on nearby bedrock. However, des-
pite of the considerable role of regolith thickness in influencing the
intensity of earthquake ground shaking and consequently the building
damages, it is often ignored in studies investigating regional earthquake
responses, e.g. Bouckovalas and Papadimitriou (2005), and Shafique et al.
(2011a). Moreover, post-earthquake near-real time ground shaking maps
i.e. USGS-ShakeMap (Wald et al., 2006) or damage assessment tools i.e.
Prompt Assessment of Global Earthquakes for Response (PAGER) (Earle
et al., 2008), simplify the role of regolith thickness on seismic response.

To evaluate the role of regolith-induced seismic amplification and
resulting building damages, spatial distribution of regolith thickness is
needed. The spatial distribution of regolith thickness varies with varia-
tion in topography, geology, geomorphology, climate, surface process
and anthropogenic activities (Dietrich et al., 1995; Kuriakose et al., 2009).
Topographic attributes such as terrain elevation, slope, topographic wet-
ness index (TWI), curvature, and aspect computed from remote sensing
derived digital elevation model (DEM), are frequently used to predict
the spatial distribution of regolith thickness (Kuriakose et al., 2009;
Pachepsky et al., 2001). Exploring the influences of independent envi-
ronmental variables (topography, geology, geomorphology) on spatial
variation of regolith thickness is a promising approach to map rego-
lith thickness at local and regional scale (Ziadat, 2005). Shafique et al.
(2011b) proposed a generic approach to use remote sensing derived
landforms and topographic attributes with limited field observation to
model regolith thickness in a depositional landscape.

The 2005 Kashmir earthquake affected study area is located in the
Himalayan mountain ranges of northern Pakistan that is one of the most
seismically active regions in the world (Malik and Nakata, 2003). The
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high earthquake hazard in northern Pakistan is due to the northward
movement of the Indian subcontinent at a rate of 50 mm/year (Avouac
et al., 2006). This active tectonics in the region leads to accumulation
of compressional forces that are released during earthquakes. Earth-
quakes in the region are often associated with the crustal scale east-west
trending regional thrust faults. From north to south these are the Main
Karakoram Thrust (MKT), the Main Mantle Thrust (MMT), the Main Boun-
dary Thrust (MBT) and the Main Frontal thrust (MFT) (Sayab and Khan,
2010). The area (Figure 6.1) was severely devastated by the 2005 Kash-
mir earthquake. The majority of population is residing in valleys with
thick regolith cover, and hence at risk to amplified seismic response. It
was observed and documented that building material (concrete block)
and nature of construction is mostly homogenous in the study area (ADB
and WB, 2005). However, the spatial distribution of earthquake-induced
building damages was uneven.

Therefore to evaluate the role of regolith thickness on building da-
mages, this study aims to use remote sensing DEM derived topographic
attributes and a geological map to model the spatial distribution of
regolith thickness in the erosional landscape of the study area. The
modeled regolith thickness is merged with the regolith thickness in the
depositional landscape (Shafique et al., 2011b) to get an integrated rego-
lith thickness map of the area. It is hypothesized that remote sensing
derived regolith thickness model can be used to predict the seismic
induced building damages. To test this hypothesis, the modeled regolith
thickness is compared with the 2005 Kashmir earthquake damage data,
derived from high resolution satellite images and field data.

6.2 Material and Methods

6.2.1 Study area

The study area is comprised of the cities of Muzaffarabad, Gari Habib
Ullah, Balakot, and surroundings (Figure 6.1), covering an area of 470
km2 with terrain elevation ranging from 614 m to 3789 m ASL.

On 8th October 2005, an earthquake of magnitude 7.6 struck the
study area leaving >73,000 dead, >70,000 injured and >2.8 million wi-
thout shelter in addition to economic loss (ADB and WB, 2005). The
earthquake was caused by the reactivation of the NW-SE trending the
Balakot-Bagh fault located in the Indus Kohistan seismic zone (Hussain
et al., 2009). The study area is covered by many lithologies that are
represented by eleven geological formations (Figure 6.2) (at a scale of
1:50,000 (Hussain et al., 2004; Latif et al., 2008)). The lithology for each
geological formation is provided in Table 6.1. The study area is pre-
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Figure 6.1 Location map of study area, ASTER DEM of Balakot, Gari Habib
Ullah and Muzaffarabad, northern Pakistan

dominantly covered by sedimentary rocks mainly composed of highly
fractured sandstone, limestone and shale (Hussain et al., 2004; Latif
et al., 2008; Kamp et al., 2008). Due to the easily erodible nature of
these formations and their location in steep terrain they are prone to
weathering and erosion. The drainage network of the area includes the
river Jhelum and its tributaries, Kunhar and Neelum (Figure 6.1). The
climate of the study area is monsoonal with an annual precipitation at
Muzaffarabad of about 1500 mm, with more than one-third of it falling
during the monsoon season of July and August (DCR, 1998). The mon-
soon rains and steep terrain triggers weathering, erosion and deposition
and hence influence the spatial distribution of regolith thickness.

6.2.2 Regolith sample collection and analysis

Regolith thickness samples were collected evenly for all geological for-
mations following a purposive sampling strategy (Table 6.1). Within
each geological formation, samples were collected on representative
sites of classified terrain elevation, slope, Topographic Witness Index
(TWI), and distance to nearest stream. These topographic attributes
were derived from a DEM computed from ASTER (Advance Spaceborne
Thermal Emission and Reflection Radiometer). ASTER, launched in 1999
by NASA (USA) and MITI (Japan), is a medium spatial and spectral reso-
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Figure 6.2 Geological map of the study area, mapped at scale 1:50,000 after
Hussain et al. (2004) and Latif et al. (2008). Lithologies for each of the
geological formations is provided in Table 6.1
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lution imaging system with along-track stereo capabilities to generate a
DEM at 30 m spatial resolution. ASTER has a sun-synchronous orbit at
an altitude of 750 km, swath width of 60 km and return period of 16
days (Abrams, 2000).

Elevation is the direct product of a DEM. Terrain slope, TWI, and
(Euclidean) distances to streams are the derivatives of a DEM. Using
the ArcHydro tool in ArcGIS 10, the drainage network was derived
from the ASTER DEM, subsequently the Euclidean distance of each pixel
from the nearest stream or river was calculated. TWI is proportional to
upslope contributing area and the terrain slope (Sørensen and Seibert,
2007). Based on the aforementioned topographic attributes a purposive
sampling strategy was developed. Regolith thickness observations were
taken for each of the classified topographic attributes classes. Due to
the rough terrain, most of the road network and foot paths were built
in the mountains. These resulted in exposition of bedrock and hence
provide an opportunity to measure regolith thickness above bedrock.
Care was taken to collect regolith thickness samples at undisturbed
exposed outcrops, where regolith thickness to bedrock was directly
visible (pictures in Figure 6.3). At unexposed sites, the samples were
taken through the "knocking a pole method" (Uchida et al., 2008), where
an iron rod was hammered into regolith until it reaches the bedrock.
Subsequently, the length of rod penetrated in the ground was measured.

The geographic coordinates of each regolith thickness sample were
recorded through GPS and consequently its elevation, slope, TWI and
distance to stream were extracted. Subsequently, impact of geology,
elevation, slope, TWI and distance to stream on regolith thickness distri-
bution was explored using correlation analysis. Correlation analysis of
the regolith thickness samples for different geological formations simul-
taneously might obscure the actual correlation of regolith thickness with
continuous variables i.e. elevation, slope, TWI and distance to stream.
Therefore, the regolith thickness samples for each geological formation
were analyzed separately and their correlation with the aforementioned
topographic attributes was explored (Table 6.2).

6.2.3 Regolith thickness modeling

Regolith thickness observations at close distances and within the same
geological formation tend to be more alike. Regression techniques are
commonly used to analyze regolith thickness samples in rough terrain
with large coverage and make prediction at unsampled sites (Tsai et al.,
2001; Ziadat, 2005). Regression is comprised of exploring the relation-
ship between the dependent variable (regolith thickness) and auxiliary
environmental variables (geology, elevation, slope, TWI and distance to
stream) at the sampled locations. Subsequently, the derived regression
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Formations Lithology Samples Percentage
of
samples

Area
(sq km)

Percentage
of area

Hazara For-
mation

Slate, Shale,
Siltstone, Li-
mestone

38 12.84 57.74 12.26

Abbotabad
Formation

Sandstone, Li-
mestone, Do-
lomite

15 5.07 22.39 4.75

Manki For-
mation

Slate and Phy-
lite

17 5.74 7.83 1.66

Mansehra
orthogneiss

Intrusive
rock, Granite

22 7.43 40.33 8.57

Murree For-
mation

Mudstone,
Siltstone,
Sandstone,
Shale

109 36.82 199.58 42.40

Muzaffarabad
Formation

Limestone,
Dolomite

34 11.49 38.84 8.25

Paleocene
Rocks

Limestone,
Shale

10 3.38 10.61 2.25

Panjal Meta-
sediments

Metasediments,
volcanics

13 4.39 21.25 4.51

Salkhala For-
mation

Limestone,
Schist

27 9.12 41.03 8.72

Tanawal For-
mation

Quartzose
Schist , Quart-
zite

11 3.72 31.14 6.62

Total 296 100.00 470.75 100.00

Table 6.1 Summary statistics of regolith thickness samples collected in dif-
ferent formations, lithologies of the geological formations is derived from
Hussain et al. (2004), Latif et al. (2008) and Kamp et al. (2008)
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model is used to predict regolith thickness at unsampled locations kno-
wing the values of the geology, elevation, slope, TWI and distance to
stream. A commonly used approach is the multiple linear regression,
where prediction of regolith thickness is the weighted average of the
multiple auxiliary environmental variables (Tsai et al., 2001; Vincent
et al., 2001; Ziadat, 2005). To select a parsimonious model and inde-
pendent variables that are statistically significant (p < 0.05) for regolith
thickness prediction in the study area, stepwise regression was used.
The p-value cutoff of 0.05 indicates that there is a 5% probability that the
relation between the independent variables and the regolith thickness
has occurred by chance, and 95% confidence that the selected variable
has significant influence on the prediction of regolith thickness in the
area. Stepwise regression is an iterative process, where each possible
independent variable is tested for its contribution in predicting the
dependent variable and only independent variables are selected that
have significant (p < 0.05) contribution in prediction of the dependent
variable. A subset (2/3) of the regolith thickness samples were used for
calibration of the regression model, while the remaining (1/3) were used
for validation of the model (Figure 6.3).

To achieve an integrated regolith thickness map for the study area,
the modelled regolith thickness in the erosional landscape, as a result of
this study, is combined with regolith thickness in the depositional land-
scape by (Shafique et al., 2011b). In the depositional landscape, regolith
thickness was modelled using limited field observations, geophysical
and remote sensing data. Due to rough terrain and deep regolith thi-
ckness, limited field observations were recorded along the river where
bedrock was exposed due to erosion. At unexposed sites electrical resis-
tivity imaging was applied to obtain regolith thickness estimates. The
remote sensing derived landform map, elevation and distance to stream
were used in a linear feature model that explained 91.7% of the regolith
thickness variation in the study area.

6.2.4 Damage assessment

Following the 2005 Kashmir earthquake the International Charter "Space
and Major Disasters" was activated and fine resolution post earthquake
multispectral satellite images, IKONOS (spatial resolution 3 meter, ac-
quired 10 October 2005) and Quickbird (spatial resolution 2.5 meter,
acquired 11 October 2005), of Muzaffarabad and Balakot cities, respec-
tively, were made available. To support the visual interpretation of
satellite imagery for building damage assessment, an extensive field
survey was carried out soon after the earthquake from 20 October to
11 November 2005. The hard copies of the satellite images were taken
to the field, and the Balakot and Muzaffarabad cities were divided in
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Figure 6.3 Location map of regolith thickness samples collected in the ero-
sional landscape of the study area. The photos shows the screen-shots of
undisturbed outcrops and the lines shows the interface of regolith/bedrock

different zones and corresponding structural damage data was collected.
The damaged buildings within each zone were classified in two damage
categories according to the criteria of whether the building is feasibly
repairable (undamaged or light damage) or has to be demolished and
removed (collapse or heavy damage), following the methodology sug-
gested by Bakir et al. (2002). Subsequently, the demarcated zones were
digitized in GIS, and the percentage of buildings collapsed or heavily
damaged, were derived and assigned to the corresponding zones. To
evaluate the building damages caused by regolith induced seismic am-
plification, the average regolith thickness for each zone was derived and
compared with damage intensity.

6.3 Results

6.3.1 Impact of geology and topographic attributes on regolith
thickness

The impact of geological formations on regolith thickness in the study
area reveals that the Murree Formation (mudstone, siltstone, sandstone,
shale) has the highest mean regolith thickness and the Panjal Metase-
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Figure 6.4 Distribution of regolith thickness in various geological formations
of the study area

diments formation (metasediments, volcanics) the lowest. Due to the
predominant sedimentary nature of geology in the study area (Table 6.1),
except for the Murree formation and Panjal Metasediments, there is a
little variation in the regolith thickness distribution among the other
formations (Figure 6.4).

The negative correlation of elevation and terrain slope with regolith
thickness in all the formations (Table 6.2) is due to gravity and in line
with findings of Kuriakose et al. (2009). The rate of transport of regolith
down the slope is proportional to the terrain gradient and hence there
is less regolith on steep slopes. The negative correlation of distance to
stream with regolith thickness is due to the fact that in rough terrain
and in an individual watershed the eroded regolith is deposited close to
the stream and regolith thickness gets thinner when moving away from
the stream (Table 6.2). In a bigger watershed with gentle slope, there
is likely thick regolith, hence a consistently positive correlation with
TWI (Table 6.2). In general, consistency is observed in correlation of
regolith thickness with the topographic attributes; however, the strength
of correlation varies in different geological formations (Table 6.2).
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Formations Elevation Slope TWI Distance
to
stream

Significance
(p)

Hazara For-
mation

-0.16 -0.22 0.05 -0.15 0.238

Abbotabad
Formation

-0.37 -0.37 0.01 -0.48 0.300

Manki Forma-
tion

-0.14 -0.20 0.05 -0.16 0.248

Mansehra or-
thogneiss

-0.37 -0.12 0.20 -0.16 0.268

Murree For-
mation

-0.14 -0.15 0.13 -0.04 0.000

Muzaffarabad
Formation

-0.13 -0.22 0.12 -0.12 0.338

Paleocene
Rocks

-0.60 -0.17 0.35 -0.76 0.528

Panjal Meta-
sediments

-0.34 -0.20 0.04 -0.03 0.914

Salkhala For-
mation

-0.14 -0.12 0.15 -0.16 0.102

Tanawal For-
mation

-0.16 -0.15 0.45 -0.27 0.418

Table 6.2 Coefficient of determination (R2) of regolith thickness samples with
elevation, slope, TWI and distance to stream in each geological formation. The
shaded column shows the statistical significance (p) of formations in regolith
thickness prediction.

6.3.2 Regression analysis

Regression diagnostics confirm the normal distribution of the residual
and absence of multicollinearity. Furthermore, the skewness and kurto-
sis were near to zero, hence confirming the suitability of the regression
approach for regolith thickness prediction. Variogram analysis confirms
the absence of spatial dependency of residuals. Stepwise regression re-
sults in selection of all the topographic attributes (elevation, slope, TWI
and distance to stream) and the Murree Formation (Table 6.2, shaded
column), since these have a significant (P < 0.05) influence on regolith
thickness variation in the study area (Table 6.3).

The regression model coefficient (Table 6.3) for the intercept repre-
sents regolith thickness (at zero-elevation, slope, distance to stream,
and TWI) on areas not covered by the Murree Formation, while on the
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Model Coefficients Sig. (P ≤ 0.05)
Intercept 1.484
Slope -.014 .00
Elevation -0.00051 .00
Distance to stream -0.0001 .00
TWI .038 .02
Murree Formation .328 .00

Table 6.3 Stepwise regression model for regolith thickness prediction in
erosional landscape of the area

Murree formation 0.328 m regolith should be added. The coefficient
for the topographic attributes (elevation, slope, distance to stream and
TWI) represents variation in regolith thickness at one unit variation of
these topographic attributes. The negative sign represents an inverse
relation with the regolith thickness and a positive sign represent a direct
relation.

Adjusted R2 of the regression model is 0.60, indicating that the pre-
dictors selected in this case explain 60% of variance of regolith thickness
in the study area. The derived regression model (Table 6.3) is used to
map the regolith thickness in the erosional landscape of the study area
(Figure 6.5). As observed in the field and in the regression model, sharp
contrast in regolith thickness (Figure 6.5) can be observed along the
boundaries between the Murree Formation and Panjal Metasediments
(compare with Figure 6.2).

The comparison of predicted regolith thickness with measured at
validation sample sites (Figure 6.3) resulted in a root mean square error
(RMSE) of 0.27 m and correlation (R2) of 0.66 (Figure 6.6). Due to the
variation in regolith thickness and the extent of the study area, also
covering various geological formations, the regolith thickness could not
be predicted more precisely, especially at higher thickness.

To develop an integrated regolith thickness distribution map for the
whole study area, the regolith thickness in the depositional landscape
(see Figure 6.3) of the study area is adopted from (Shafique et al., 2011b).
This model is merged with the erosional landscape model (Figure 6.5),
to get an integrated regolith thickness (Figure 6.7) of the study area.

6.3.3 Correlation of regolith thickness with damage data

The predicted regolith thickness in the study area (Figure 6.7) is compa-
red with the Kashmir earthquake structural damages maps (Figure 6.8)
to evaluate the influence of regolith depth on structural damages. Re-
mote sensing derived and field visit verified structural damages zones
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Figure 6.5 Regression model derived spatial distribution of regolith in the
erosional landscape of the study area
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Figure 6.6 Validation of the regression model with RMSE of 0.27 m and R2 of
0.66

in Muzaffarabad and Balakot towns show that Balakot town was more
severely devastated than Muzaffarabad and hence has no zone with less
than 40% damage (Figure 6.8).

Comparing the damages in each zone (Figure 6.8) with average rego-
lith thickness for that zone reveals that, in general, the percentage of
damage is increasing with increase in regolith thickness (Figure 6.9). Ho-
wever, there are areas with higher regolith thickness but lower damages,
and vice versa. This suggests that there is a complexity in the damage
occurred during the 2005 Kashmir earthquake that cannot be explained
only by the regolith thickness variation.

6.4 Discussion

In the results it is shown that the spatial distribution of regolith thick-
ness has an influence on the damages resulting from the 2005 Kashmir
earthquake. The regolith model can, however, only explain a part of the
damage. Some places have thin regolith cover but extensive damage,
and vice versa. This can have several reasons. One of those possible
reasons is that the regolith thickness model is explaining actual regolith
thickness for roughly 60% and 91.7%, for the erosional and depositional
landscape, respectively. Small scale local variations are therefore not
taken into account but these can have a large impact on local amplifica-
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Figure 6.7 Integrated spatial distribution of regolith thickness in the study
area
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Figure 6.8 Structural damage zones during 2005 Kashmir earthquake, (a)
Muzaffarabad city (b) Balakot city. The zone numbers can be used for cross-
comparisons with the Figure 6.9

Figure 6.9 Correlation between the regolith thickness and percentage of
damages (a) Muzaffarabad city (b) Balakot city. The numbers associated with
points are the corresponding damage zone in Figure 6.8
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tion. Furthermore, due to the chosen modeling approach the model is
overestimating thin regolith covers and underestimating thick regolith
covers. These factors can account for part of the deviations that are
observed.

Another possible reason is that the actual damage after an earth-
quake is strongly depending on the quality of the houses. Although
building material and poor construction practices is fairly homogeneous
in the area (ADB and WB, 2005) there are still clear differences between
different quarters in the cities of Muzaffarabad and Balakot. In some
zones, houses are built very close or are often even attached to each
other. Collapse or severe damage of one building has direct impact
on the condition of the connecting buildings. This can be observed in
Muzaffarabad in zones 10-14 and 16-17 (Figure 6.8a). These zones show
severe damage with relatively low regolith thickness (Figure 6.9a) due
to attached buildings and poor housing conditions. Similar conditions
were observed in Balakot for zones 13, 16 and 17 (Figure 6.8b) with
relatively thin regolith but intensified damage (Figure 6.9b) due to old
and attached buildings. It is also often observed that in some zones,
stories were added to an original one story building without proper rein-
forcements in the structure or foundation. Examples of such areas can
be found in zones 20-22 and 25-26 (Figure 6.8a) in Muzaffarabad with
poorly constructed multiple story buildings (Figure 6.9a). These zones
experienced the highest human loss due to massive collapse during the
Kashmir earthquake.

The study area is located in rough terrain and some zones where
positioned on small ridges. Hence, topographic amplification of ground
shaking on ridges (Shafique et al., 2008) that might have contributed to
intensified building damages. This effect was visible in zones 1 and 2 in
Muzaffarabad (Figure 6.8a). Their location on local ridges caused local
amplification resulting in extensive damage despite the fact that the
regolith cover in these zones was relatively thin (Figure 6.9a). A similar
effect was observed for zones 13, 16 and 17 in Balakot (Figure 6.8b),
with relatively less regolith but higher damages (Figure 6.9b), which are
partly located on ridges where topographic amplification also possibly
contributed to intensified damage. Furthermore, the study area is sur-
rounded by mountain ranges (Figure 6.1) and energy will get trapped in
the valley which results in, local, amplification and prolonged duration
of ground shaking that is widely observed for other locations in similar
settings (Hough et al., 2010; Pavlenko and Wen, 2008; Pratt et al., 2003).

On the other hand, there are also zones that show much less damage
than expected from the average regolith thickness for that zone. This
effect is most explicit in zones 1 and 3 in Balakot, and 28 and 30 in
Muzaffarabad (Figures 6.8 and 6.9). In these zones houses were well
separated from each other and/or slightly better build (more affluent
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areas). A more detailed analysis of building quality could improve the
damage prediction but that would not be feasible for regional studies.

The model itself can be possibly improved by following a more
homogenous sampling scheme. However, inaccessibility due to rough
terrain halted the collection of dense and evenly spaced regolith samples.
Furthermore, anthropogenic activities such as tillage, terracing for agri-
culture, animal grazing also disturb the smooth variation of regolith
thickness. These factors contributed to the lower adjusted R2 of the
regolith distribution model. The limited role of geology on regolith
distribution was unexpected, but a possible explanation could be that
the combination of rough terrain, with steep slopes, and the monsoonal
climate leads to very active erosion which leads to reduced impact of
the underlying geology.

In this study a 30 m resolution ASTER DEM was used. The spatial
resolution of the derived regolith thickness map is a direct function of
the spatial resolution (pixel size) of the topographic attributes derived
from a DEM, which are used as the independent environmental variables
in regression. Using a very coarse resolution DEM results in much
generalized estimation of regolith thickness as can be seen in the FAO
soil map at 5 km resolution (FAO, 2003). In this map all extremes,
both low and high, are strongly suppressed which results in unrealistic
regolith thickness values. Acquisition of a fine resolution DEM, such
as LiDAR (1 m), is very expensive, and particularly for regional scale
modeling that is often not feasible.

6.5 Conclusion

This research derived a regional regolith thickness model from remotely
sensed data. Regolith thickness has a known influence on seismic
amplification and the influence of the model on earthquake induced
building damages has been tested. The model was build based on ASTER
DEM derived topographic attributes and a geology map. These were
both used as independent variables in a stepwise regression approach
to predict spatial distribution of regolith thickness. The role of geology
in predicting spatial variation of regolith thickness in the study area
is subdued by rough terrain, monsoonal climate and predominantly
sedimentary nature of geology. The predicted spatial distribution of
regolith thickness was compared with the Kashmir earthquake induced
structural damages. Structural damages were recorded during a 3-week
fieldtrip shortly after the earthquake. The damage assessment was
aided through the use of high resolution IKONOS and Quickbird satellite
images. The comparison of structural damages with the predicted
regolith reveals that the structural damages increase with increasing
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regolith thickness. Attached and poorly constructed buildings and
topographic amplification also contributed to intensified damages on
shallow regolith. The mapped regolith thickness can therefore be used
to demarcate sites prone to amplified seismic response and planning
for its mitigation.
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7Remote sensing based seismic
site characterization

7.1 Introduction

Seismic site characterization maps are important for all stages of earth-
quake management i.e. mitigation, preparedness, response and recovery.
However, for many of the seismically active areas, seismic site cha-
racterization is rarely available, as it requires substantial investment
in geological and geotechnical data acquisition and interpretation. To
avoid the need for extensive and expensive investments, topographic
slope has been proposed as a proxy for seismic site conditions (Wald
and Allen, 2007). Practical and implemented examples of this proxy are
USGS-ShakeMap (Wald et al., 2006) and Prompt Assessment of Global
Earthquakes for Response (PAGER) (Earle et al., 2008) which, respectively,
produce ground shaking maps and expected damages in near real-time
at approximately 1 km resolution (Jaiswal et al., 2009).

Time-averaged shear wave velocity (impedance) of the upper 30 m of
crust (VS30) (Boore, 2004) acts as an indicator of seismic site conditions
(Borcherdt, 1994). Geomorphological classification are used as a proxy
for VS30 based seismic site characterization at regional scale (Iwahashi
et al., 2010; Masashi et al., 2006; Yong et al., 2008a). Yong et al. (2008a)
proposed a remote sensing approach to derive 30 m resolution seismic
site characterization map through classification of terrain units such as
mountains, piedmonts, and basins which are important for seismic site
characterization. They have distinct characteristics that are known to
have an influence on seismic response such as topographic attributes,
regolith cover distribution and lithology. Topographically, these terrain
units can be distinguished based on their topographic settings of terrain

1This chapter is based on the following paper
Shafique, M., van der Meijde, M., van der Werff, H.M.A. (Accepted with minor revision).
Evaluation of remote sensing based seismic site characterization using earthquake
damage data. Terra Nova.
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gradient, relative elevation and curvature (Ashford et al., 1997; Shafique
et al., 2011a). Variation in topographic characteristics of terrain has an
impact on the modeled spatial distribution of regolith thickness with
thick regolith in basins, moderate on piedmonts and shallow on moun-
tains (Kuriakose et al., 2009; Shafique et al., 2011c). The terrain units
also vary with variation in geology as mountains are covered by hard
rock, piedmonts by moderately soft rock, and basins by sedimentary
deposits (Yong et al., 2008a). Hence, the classified terrain units can be
assigned average as used by Yong et al. (2008a). However, Yong et al.
(2008a) could not verify their classified terrain units and seismic site
characterization map due to lack of validation data.

This study is a follow up on Yong et al. (2008a). We evaluate the
application of a Digital Elevation Model (DEM) of 30 m spatial resolution
for seismic site characterization. Besides small changes in the proces-
sing, we provide validation of the classified terrain units and seismic site
characterization map. Similar to Yong et al. (2008a), object based image
analysis (OBIA) is applied to a terrain slope map, computed from DEM,
to demarcate terrain units of mountains, piedmonts and basins. The
classified terrain units are validated through a field based classification
of terrain units by Shafique et al. (2011b). To explore the importance
of the classified terrain units for seismic site characterization, and eva-
luate if they can be used for earthquake damage prediction, they are
compared with 2005 Kashmir earthquake damage data that was derived
from field visits and fine resolution SPOT-5 (2.5 m resolution, acquired
11 October 2005) imagery. The classified terrain units are assigned
VS30 values, as used by Yong et al. (2008a), to generate a seismic site
characterization map.

7.2 Study area

The proposed methodology was applied to a seismically active region in
northern Pakistan. The high earthquake hazard in northern Pakistan and
adjacent Indian and Afghanistan regions is mainly associated with the
northward movement of the Indian plate at a rate of 31 mm/year (Betti-
nelli et al., 2006). Active tectonics in the region leads to accumulation
of compressional forces that are released in devastating earthquakes
e.g Bunji earthquake (2002) and Batgram earthquake (2004) with both
having magnitude of ≥5.5. On 8 October 2005, a Mw 7.6 earthquake
jolted northern Pakistan, leaving 86,000 killed and millions homeless
in addition to economic loss (ADB and WB, 2005). The earthquake
caused intensive damage in the cities of Muzaffarabad, and Balakot,
and surrounding area, which is the region considered for this study
(Figure 7.1).
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Figure 7.1 ASTER DEM showing the topography in northern Pakistan, the
square in the figure demarcates the study area. Faults were reproduced from
Searle and Khan (1996) and Hussain et al. (2009).

7.3 Material and methods

7.3.1 Terrain units classification and validation

For derivation of seismic site characterization the trend of terrain varia-
tion is more important than the anomalous attribute of an individual
pixel; seismic waves with larger wavelength are less sensitive to terrain
variation of very small spatial extent. Geographic OBIA (GEOBIA) is a
general concept in which a remote sensing image is segmented in mea-
ningful objects considering their spatial and spectral characteristics (Hay
and Castilla, 2008). A multiresolution segmentation algorithm (MSEG) in
Definiens E-cognition 8 (Definiens, 2010) was used based on hierarchical
bottom-up pairwise objects merging technique. The MSEG can be ap-
plied to pixels, or already existing objects, that are consecutively merged
considering the scale, shape, color, compactness and smoothness of
pixels or objects. The scale parameter determines the maximum allowed
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heterogeneity for sub-objects to merge in a super-object and therefore
size of the image objects (Definiens, 2010). In MSEG, the scale parameter
is systematically increased (Table 7.1) that results in formation of a
hierarchical network of objects until the required features are achie-
ved. The shape parameter defines the allowable degree of object shape
by addressing the compactness and smoothness. Equal weights were
assigned to compactness and smoothness (Table 7.1) following Yong
et al. (2008a). The segmentation process stops, when no more merging
of objects is possible considering the defined parameters. The MSEG
was applied to a DEM derived from the Advance Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) satellite.

Segmentation of a raster image into meaningful objects through
MSEG is a trial and error process, therefore a-priori knowledge of target
objects is important to determine the segmentation parameters. Sha-
fique et al. (2011b) used visual interpretation of SPOT-5 and subsequent
field verification to classify landforms in the basins of the study area.
The size and shape of these landforms were used as a guide for the selec-
tion of segmentation parameters. Four hierarchal levels of segmentation
were generated through systematic tuning of segmentation parameters
and subsequent interpretation of segmentation results (Table 7.1 and
Figure 7.3). To refine the 4th level objects of the MSEG, and to merge
objects covering the same terrain unit, the spectral difference algorithm
(SDA) was used (Definiens, 2010). The SDA merges neighboring objects
with a spectral difference less than an assigned threshold. The derived
objects are considered to be internally homogeneous and indicator of
one terrain unit (Zhou and Troy, 2008).

Field knowledge, SPOT-5 imagery and an earlier study (Shafique et al.,
2011b) were again used to select samples for the nearest neighbor (NN)
classifier to assign terrain units to the 5th level of objects. Unclassified
objects are then assigned to a terrain unit based on their similarity
with the selected samples. As final validation of the GEOBIA based
terrain units, the result is compared with the basins map developed by
Shafique et al. (2011b) and the overlapping area of basins is calculated
as a measure of fit (Figure 7.2).

7.3.2 Damage assessment and seismic site characterization

To evaluate the importance of classified terrain units for seismic site
characterization, and to test if it can be used for prediction of seismic
induced damage, the classified terrain units are compared with Kashmir
earthquake damage data. It was observed and documented that building
material and nature of construction is predominantly homogeneous
(ADB and WB, 2005). Damage data for the cities of Balakot and Mu-
zaffarabad (shaded area in Figure 7.6) was taken from Shafique et al.
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Figure 7.2 Chart showing the flow of different steps followed in the study

(2011c). Damage data for the area surrounding these cities (non-shaded
area in Figure 7.6) was based on field visits and SPOT-5 imagery. The
area was divided in various zones based on homogeneity of damages
and subsequently classified in damage categories of less damage (dama-
ged buildings: <10%), moderate damage (damaged buildings: 10 - 40%)
and severe damage or collapsed (damaged buildings: >40%) as adopted
from Hough et al. (2010). The hypothesis of the study is that basins
correspond to severe damage, piedmonts with moderate damage, and
mountains with less damage. To evaluate the hypothesis, damage map
(Figure 7.6) was compared with the classified terrain units (Figure 7.4)
through error matrix analysis (Table 7.2).

As a final output a seismic site characterization map was produced.
The classified terrain features were assigned VS30 values following Wills
and Silva (1998) and Yong et al. (2008a). Assigned VS30 values were
validated through comparing the published values for geological units
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underlying these terrain units.

7.4 Results and discussion

The MSEG parameters applied to the pixel based slope layer (Table 7.1),
resulted in over-segmentation for level 1 (Figure 7.3a), while the suc-
ceeding segmentation levels were hierarchically derived by systematic
merging of the level 1 objects through modification of the MSEG para-
meters (Table 7.1). With each successive segmentation level, distinction
among the target features of mountains, piedmonts and basins is conspi-
cuous and object size is growing because of the increasing scale factor
(Figure 7.3 and Table 7.1).

Table 7.1 Parameters applied for the GEOBIA classification for different levels
of bottom up segmentation and classification approach. The derived objects
are shown in Figure 7.3

.
Segmentation
Algorithm

Levels
Parameterization

Scale Shape Color Compactness Smoothness

MSEG

1 50 0.1 0.9 0.5 0.5
2 100 0.4 0.6 0.5 0.5
3 150 0.5 0.5 0.5 0.5
4 200 0.6 0.4 0.5 0.5

SDA 5 Maximum spectral difference = 10

At level 4 (Figure 7.3d), steep terrain indicating mountains (red ob-
jects) can be distinguished from less steep valleys (green objects) and
the moderately steep piedmonts (yellow objects). Objects classified in
similar terrain units in level 4 were merged, applying the SDA parameter
(Table 7.1), resulting in the final level 5 objects (Figure 7.3e). These are
then classified in terrain units of mountains, piedmonts, and basins
(Figure 7.4) using the NN classifier. Selection of the segmentation para-
meters applied to the DEM derived slope layer to classify terrain units of
mountains, piedmonts, and basins is a trial and error process and thus
could vary in different areas. Therefore local information is required to
tune the segmentation parameters and achieve the best possible results.
There is no general rule on how to apply the MSEG parameters. The
optimal MSEG parameters will change depending on terrain properties,
e.g. scale of the mountains and valleys, and variation in slope gradient
and topography.

Validation of the classified terrain units map (Figure 7.4), through
a comparison of a subset of the classified map (Figure 7.4 rectangle)
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Figure 7.3 Object-based classification results at different hierarchical levels
obtained by using the segmentation similarity criteria from Table 7.1 (a) Shows
results from level 1 (b) level 2 (c) level 3 (d) level 4 (e) level 5. The 5th level
objects show distinguishable terrain units of mountains, piedmonts and basins
and therefore considered acceptable classification for the study.
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with the basins mapped by Shafique et al. (2011b), shows a 70% cor-
respondence for basins (Figure 7.5). The alluvial fans partly covering
the basin are with moderate slopes (Shafique et al., 2011b) that are
demarcated as piedmonts in the GEOBIA based classification. Likewise,
the piedmont with flat terrain are mapped as the basins, however, the
overall accuracy of 70% is considered satisfactory, as an alternative to
field based mapping of terrain units.

Figure 7.4 Classified terrain units with assigned VS30 after Yong et al. (2008a).
The rectangle in the figure shows the spatial coverage of Figures 7.5 and 7.6

Kashmir earthquake damage data (Figure 7.6) shows that the cities
of Balakot and Muzaffarabad, both located in basins, were severely
devastated during the earthquake. Other areas of severe damage can be
seen in other basins. Comparison of the damage map (Figure 7.6) with
terrain units (Figure 7.4) in Table 7.2, shows that 81% of the damage
intensity zones of severe, moderate and less were in correspondence
with the hypothesized basins, piedmonts and mountains. Severe damage,
which is of concern for the earthquake response authorities, shows
87.5% association with the basins (Table 7.2). The intensified damage
in basins is mainly because of sediment induced amplification and
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trapping of seismic waves because of basin structure, as also observed
by Flores-Estrella et al. (2007). Poor building structure, closely spaced
and attached buildings also contributed to increased damage (Shafique
et al., 2011c). The misclassified severe damages (12.5 %) on piedmont
can, most likely, be attributed to poor building structure and conditions.
Likewise, moderate damages (34.5 %) located in basins are probably
because of stand-alone and better quality structures (affluent area). Less
damages (100 %) are located on mountains, as hypothesized. Other
seismic amplification effects can play a role too and are leading to
misclassification for some of the areas. As an example, zone (a) in
Figure 7.6, the most densely populated area in Balakot, was located on
a ridge and mapped as a piedmont (Figure 7.4). It experienced severe
damage and highest human loss because of topographic amplification
(Lee et al., 2009b) and attached buildings.

Table 7.2 Error matrix between the damage map (Figure 7.6) and classified
terrain units (Figure 7.4). Numbers on left side represent the number of zones
(in parenthesis is corresponding area in sq km) with damage intensity and their
spatial association with terrain type. Overall accuracy represents the validation
of the hypothesized terrain units with damage intensity classes.

Damage
Intensity

Terrain units
Total

Producer
accuracy

User
accuracyBasins Piedmont Mountains

Severe 63 (21.82) 9 (1.55) 0 72 86.3% 87.5%
Moderate 10 (3.86) 18 (29) 1 (0.99) 29 66.7% 62.1%
Less 0 0 2 (1.33) 2 66.7% 100%
Total 73 27 3 103

Overall accuracy = 81%

Because of the overall high correlation between the hypothesized
terrain units and earthquake induced damage, the classified terrain
units are considered representative of seismic intensity in the area.
Classified terrain units are therefore assigned VS30 to generate a seismic
site characterization map. The values applied are based on results from
Yong et al. (2008a) who derived VS30 values from geology (Wills and
Silva, 1998) and spatially correlated the values to terrain units such as
mountains, piedmonts and basins. For mountains, Yong et al. (2008a)
proposed VS30 values of > 500 m/s, for piedmonts VS30 values between
200-600 m/s and for basins VS30 values of < 300 m/s (Figure 7.4).

To explore the applicability of the assigned VS30 for the study area
they were compared with published VS30 values for lithologies under-
lying the derived terrain units. The lithology is derived from geological
maps by Hussain et al. (2004) and Latif et al. (2008) which are partly
covering the area (rectangle in Figure 7.3e). The terrain classified as
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Figure 7.5 Comparison of the classified terrain units with basins mapped
(black lined boundary) by Shafique et al. (2011b). Overlapping area of basins
with mapped area is 70%. Spatial location of the map corresponds with the
rectangle in Figure 7.4.
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mountains (Figure 7.4) is dominated by sandstone. The measured VS30

for sandstone is in range of 500 - 800 m/s (Wills and Clahan, 2006;
Wills et al., 2000) that is comparable with the assigned (Figure 7.4). The
demarcated piedmonts (Figure 7.4) are dominated by limestone and
shale. The VS30 for shale and limestone measured by Wills and Clahan
(2006) is about 390 m/s, and Wills et al. (2000) estimated the VS30 to be
around 340 - 440 m/s, comparable with the values proposed by Wills
and Silva (1998). The demarcated basins are sediment filled valleys with
quaternary deposits are assigned the lowest VS30 values of < 300 m/s
(Figure 7.4), also in line with the Wills and Clahan (2006) and Wills et al.
(2000). These comparisons of assigned VS30 to measured VS30 for the
terrain units and their underlying rock type shows the validity of the
used VS30 in the proposed seismic site characterization map (Figure 7.4).

7.5 Conclusion

This study is a validation of a remote sensing based methodology to
derive a 30 m resolution seismic site characterization map at regional
scale. GEOBIA was applied to an ASTER DEM derived slope map to
classify the area in terrain units of mountains, piedmonts and basins.
The classified terrain units were verified by comparing with a field based
study, showing 70% of association. The comparision of the classified
terrain units with field and remote sensing derived Kashmir earthquake
damage data reveals that 81% of less, moderate, and severe damage
zones correspond respectively with mountains, piedmont, and basins.
The methodology can be used for any land based seismic active region,
to generate seismic site characterization maps at regional scale and use
for earthquake damage prediction.
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Figure 7.6 Structural damage zones after the 2005 Kashmir earthquake cove-
ring Muzaffarabad and Balakot. Shaded damage data in cities of Muzaffarabad
and Balakot is after Shafique et al. (2011c). For the non-shaded area, the
damage data is acquired from the SPOT-5 imagery and field visits. Point (a)
refers to a misclassified severe damage zone located in piedmont, explained by
topographic amplification and building structures.
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8Synthesis

8.1 Synthesis

Aim of this research was to evaluate the applicability of relatively high
resolution remote sensing data to assess the impact of topography, rego-
lith and VS30 on amplification of seismic response. Existing models for
creation of earthquake induced ground shaking and expected damage
maps in near real time, such as USGS-ShakeMap and PAGER respectively,
are at a coarse resolution of 1 km. Although these models are ideal for
quick assessment of ground shaking and damage very shortly after an
earthquake, they are however, of limited use for assessment of local
scale seismic amplification. On the other hand, fine resolution amplifi-
cation models (at a scale of 1 meter or even less), which are developed
mainly for engineering purposes, are often limited to a specific site
and have a reduced spatial extent (individual slope or a hill). Goal of
the research was to cover the gap in between these two extremes to
use relatively fine resolution remote sensing data (30 meter) to derive
topography, regolith thickness and the average shear wave velocity in
the top 30 meters of the subsurface (VS30) with a regional extent that is
also applicable at local scale. Moreover, the impact of the remote sen-
sing data resolution and accuracy on remote sensing based topography,
regolith thickness and VS30 is addressed.

The research is focused on the region which comprises the cities
and villages of Balakot, Gari Habib Ullah, and Muzaffarabad and their
surroundings (Figure 1.2). The study area is located in the seismically
active region of northern Pakistan and was severally devastated by the
2005 Kashmir earthquake (8th October 2005, Mw 7.6). Furthermore,
the study area is a data (geophysical, geotechnical and geological) poor
region with very few installed seismometers to records seismic induced
ground shaking. This study therefore mostly relied on remote sensing
data for regional scale application since the rough terrain and large
extent of the area poses obstacles to collect densely spaced field-data.
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The remote sensing based variables are calibrated, and the derived
results are further validated, with the limited field data.

This thesis can be divided in two main sections. The first section
(chapters 2 and 3) addresses the impact of remote sensing derived DEM
accuracy, resolution and source on terrain representation. Moreover,
impact of DEM source, resolution and accuracy on derived topographic
attributes that are often used in seismic response studies is evaluated.
This section leads to selection of the ASTER DEM as a relatively high
resolution, readily accessible and globally available DEM and hence is
further used in the study. The second section (chapter 4, 5, 6 and
7) deals with the application of the ASTER DEM for evaluating impact
of topography using SPECFEM3D, modeling of spatial distribution of
regolith thickness and VS30 at a regional scale. Impact of regolith
thickness and VS30 on amplification of seismic response is evaluated
through correlating with the Kashmir earthquake induced buildings
damage data where the intensity of building damages functions as a
proxy for the amplified seismic response. The damage data has been
obtained by analysis of fine resolution satellite images and field visits.

8.1.1 DEMs for topographic seismic response

To evaluate the impact of topography on variation of seismic response
at regional scale, remote sensing based DEMs are the optimal choice.
Chapter 2 evaluated the impact of DEM resolution and source on to-
pographic attributes (slope and relative height) and seismic parameter
(VS30) that are required to derive a topographic aggravation factor (TAF)
(Objective 1). It was observed that a coarsening DEM resolution leads
to smoothening of terrain features, and in particular, leveling of steep
ridges and inclining adjacent flat regions (Figures 2.4 and 2.5). These
inclined flat areas leads to considerable underestimation of extreme near
surface velocities (VS30) for basins, and therefore less regolith induced
amplification, whereas the flattened ridges leads to underestimation of
topographic amplification. In our experiments, the mean of the compu-
ted slope and relative height declined regularly with coarsening DEM
resolution (Figure 2.7). Terrain features equal to or smaller than, the
respective DEM resolution could not be identified distinctly, and there-
fore predicted seismic response at these features is unrealistic. DEM
derived TAF showed a regular decline with coarsening DEM resolution.
This strong decline of TAF was observed between 1 m and 5 m DEMs,
but little variation was observed between the TAF calculated for 20 m
and 90 m resolution DEMs (Figure 2.6). Reducing the resolution further
to 1 km is leading to unrealistic results on local scale. This supports
the application of freely and readily available SRTM and ASTER DEMs to
explore topographic seismic response at regional scale. Moreover, acqui-
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ring fine resolution DEMs, such as LiDAR, for remotely located seismic
events with large spatial extent and especially in near-real time after
a seismic event, remains unrealistic at present. Furthermore, seismic
waves with longer wavelength are less sensitive to minor variations in
terrain features, as recorded by the LiDAR elevation data.

Uncertainties in the SRTM and ASTER DEM and their computed to-
pographic attributes were evaluated in Chapter 3. This is of particular
importance since remote sensing DEMs are known to be sensitive to
rough terrain as in case of the study area. Accuracy assessment of DEMs
(ASTER and SRTM DEMs) was done by comparing DEM data with DGPS
collected elevation values (Objective 2). The comparison resulted in a
RMSE of 23.71 m for the SRTM DEM and 13.78 m for the ASTER DEM
in the study area (section 3.4.1). Due the relatively better accuracy of
the ASTER DEM in the study area and relatively fine resolution than
the SRTM DEM, it was further used for evaluating topographic seismic
response (Chapter 4) modeling the regolith thickness (Chapter 5 and 6)
and VS30 based seismic site characterization (Chapter 7).

8.1.2 Topographic seismic response

Chapter 3 proposed ASTER DEM as the optimal DEM for evaluation of
topographic seismic response at regional scale. SPECFEM3D is a free
software package using a spectral finite element method for evaluating
the impact of topography on amplification of seismic response at re-
gional scale (Objective 3). SPECFEM requires extensive computational
power and is therefore often applied on clusters of parallel computers
with distributed memory. In SPECFEM, one first generates the mesh
comprised of hexahedral elements covering the area and also incorpora-
ting the DEM derived surface topography. Once the mesh is generated,
any previous seismic event within the study area is specified through
the CMT solution file. Subsequently, the seismic waves are simulated
through the mesh to model propagation of seismic waves and generate
the shaking maps. In Chapter 4 the ASTER DEM derived topography for
Haiti was used as an input to SPECFEM3D to generate the mesh. The
CMT solution file of the Haiti earthquake (12 January 2010, Mw 7) was
used as a case study. To get the topography induced amplification map,
the shaking maps are generated once with topography and once without
topography and are used to get the topographic amplification map. The
derived topography induced amplification map (Figure 4.5) shows am-
plification of seismic response on hill ridges that is in consistent with
other studies e.g. Lee et al. (2009a).
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8.1.3 Regolith thickness modeling

Chapters 5 and 6 proposed methodologies to use the ASTER DEM and
satellite images to model the spatial distribution of regolith thickness
at regional scale (Objective 4). Regolith thickness is considered as the
primary cause for amplification of seismic response as it reduces the
velocity of incident seismic waves (Robinson et al., 2006). Significant
difference of regolith thickness was observed between depositional and
erosional landscape of the study area (northern Pakistan), therefore
they were considered separately for the regolith thickness modeling.
Chapter 5 addresses the regolith thickness modeling in a depositional
landscape with thick regolith. Beside the measured regolith thickness
samples at exposed sites, near surface geophysics (resistivity imaging)
was efficiently used as an alternative for deep digging and also for
obtaining regolith thickness observations over greater lengths.

A geomorphic classification of landforms based on fine resolution
SPOT-5 satellite imagery and an ASTER DEM was found to be the most
important (adjusted R2=72.1%) predictor for regolith thickness in the
depositional landscape of the area. The drastic variation of regolith
thickness along the landform boundaries (Figure 5.2, a and c) in the
area facilitated the demarcation of landform boundaries. A multivariate
linear model based on landform and ASTER DEM derived elevation and
distance to stream (Table 5.3) was able to predict the regolith thickness
with an adjusted R2=91.7% and validation RMSE = 0.26 m. The abrupt
variation of regolith thickness along the landform boundaries was suc-
cessfully predicted (Figure 5.7 a). The model shows the negative impact
of terrain elevation on regolith thickness, which is in consensus with
other studies e.g. Kuriakose et al. (2009). For the geomorphological units
of river terrace and alluvial fan, the regolith increases with distance from
stream. A contrary relationship was found in case of flood plains where
regolith thickness increases with distance from stream. Since the model
is strongly based on remote sensing based data, the previously derived
DEM uncertainties are taken into account in the statistical modeling. The
uncertainties in the ASTER DEM derived elevation (derived in chapter 3)
propagate uncertainties in modeled regolith thickness of 0.49 m, 0.11 m
and 0.14 m on alluvial fan, flood plain, and river terrace, respectively.

The regolith thickness modeling in the erosional landscape (Chapter
6) of the area is based on ASTER DEM derived topographic attributes
and geological information. Regolith thickness was sampled at repre-
sentative locations of geological formations and topographic attributes
(elevation, slope, TWI, distance from stream) (Table 6.1). The results
show little variation of regolith thickness among different geological for-
mations. It can all be attributed to the predominant sedimentary nature
of the underlying geology, the rough and rugged terrain in the study
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area, and the strongly monsoonal climate. Topographic attributes and
geological formations were used as predictors in a stepwise regression
approach resulted in a model with adjusted R2= 60 % and validation
RMSE = 0.27 m (Table 6.3) that was used to map the spatial distribu-
tion of regolith in the erosional landscape of the area (Figure 6.5). The
uncertainties in the ASTER DEM and its related topographic attributes
(derived in chapter 3) resulted in uncertainties in the modeled regolith
thickness of 0.036 m. To acquire an intergated regolith thickness map
for the study area, the modeled regolith thickness in the erosional and
depositional landscape were combined (Figure 6.7).

8.1.4 Regolith impact on earthquake induced building damages

The Kashmir earthquake induced building damage data was used to
evaluate the impact of the regolith thickness (which was the product of
Chapters 5 and 6)(objective 5). This data is a combination of field data
and remote sensing derived damage estimates based on visual analysis
of high resolution satellite imagery. Building damage was used as a
proxy for amplified seismic response because of the unavailability of
instrumental ground shaking records for the Kashmir earthquake. The
building material (concrete block) and nature of construction is predomi-
nantly homogeneous in the area (ADB and WB, 2005) which was further
confirmed during the field visits. The Kashmir earthquake triggered the
International Charter of "Space and Major Disasters" that resulted in free
access to fine resolution remote sensing images of IKONOS and Quick-
bird for the cities of Muzaffarabad and Balakot respectively. However,
due to the limitations of the remote sensing data for damage assessment
at building level, field verification is recommended (Kerle, 2010). Hence
an extensive field work was carried out soon after the earthquake to
assist the remote sensing based damage assessment. The individual buil-
ding level damage data collection was difficult and therefore the study
area was divided in various damage zones (Figure 6.8). The correlation
of the building damages with the average regolith thickness in each
zone shows that in general building damages increases with regolith
thickness. The correlation is, however, weak with an R2 of 0.38 and 0.46
for the cities of Muzaffarabad and Balakot, respectively. That indicates
that the intensified damages are not only because of regolith induced
seismic amplification but are most likely also related to other factors
such as attached buildings, poor buildings conditions and topographic
amplification.
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8.1.5 Seismic site characterization

Seismic site characterization at regional scale requires extensive geo-
logical and geotechnical data collection which is not always feasible.
Wald and Allen (2007) proposed terrain slope as a proxy for seismic
site characterization. A online database with global coverage of VS30 is
available from the Global VS30 Map Server (http://earthquake.usgs.
gov/hazards/apps/vs30/. This database is at 900 m spatial resolu-
tion. For local studies, models at this resolution do not provide enough
detail to get the realistic estimates of local seismic amplification effects
(Chapters 2). Therefore in chapter 7 of the thesis, a remote sensing
based method developed by Yong et al. (2008a) was evaluated to gene-
rate a seismic site characterization map at 30 m spatial resolution with
regional extent but providing enough detail to also be applicable at local
scale (objective 6). The method applies a geographic object based image
analysis (GEOBIA) technique to the ASTER DEM derived terrain slope.
In this process terrain units such as basins, piedmont and mountains
are demarcated. These terrain units are important for the seismic site
characterization, since they have distinct characteristics based on to-
pographic attributes, regolith thickness and geology. The validation of
the classified terrain units with the landform map developed in chap-
ter 5, shows an accuracy of 70%. Comparison of the classified terrain
units with remote sensing and field visits based Kashmir earthquake
induced building damage data (partly from Chapter 6) shows that 81%
of the less, moderate, and severe damage intensity zones correspond,
respectively, with mountains, piedmonts, and basins as hypothesized.
VS30 as an indicator of site conditions (Borcherdt, 1994) was applied to
the classified terrain units following the approach by Yong et al. (2008a)
to develop a seismic site characterization map for the area. The method
can be replicated in any seismically active area with rough terrain using
the freely available ASTER DEM and can be used for earthquake damage
predictions.

8.2 What next?

Following recommendations are suggested for future research on the
thesis topic.

1. Instrument based measurement of VS30 in the field at represen-
tative locations of topographic attributes and different geological
formations can be used to generate a more realistic VS30 based seis-
mic site characterization map for the area. The ASTER DEM derived
topographic attributes can be used for selection of representative
locations for VS30 measurement. Subsequently, to evaluate the

104

http://earthquake.usgs.gov/hazards/apps/vs30/
http://earthquake.usgs.gov/hazards/apps/vs30/


8.2. What next?

impact of topographic attributes and geology on VS30, measured
VS30 can be correlated with the ASTER DEM derived topographic
attributes and geological formations. Topographic attributes and
geological formations can be used in the regression analysis to
derive a model to map more realistic VS30. This map can also be
used for seismic microzonation.

Moreover, instrument based VS30 measurements can also be used
to measure the regolith thickness with greater depths because
of the significant difference in shear wave velocity between the
overlying regolith and underlying bedrock. These also assist to
measure the spatial distribution of the impedance contrast bet-
ween regolith and bedrock to demarcate sites that are prone to
amplified seismic response.

To validate the impact of the modeled VS30 as a result of this
thesis, measured VS30 and regolith thickness on amplification of
seismic response, seismometers can be installed at locations with
varying VS30 and regolith thickness to record earthquake induced
ground shaking and subsequent analysis.

2. Seismic ground shaking at a site is the combined impact of topogra-
phy, regolith thickness and geology. The combined impact of these
parameters in conjunction with the source effects (magnitude and
depth) can be evaluated by using the spectral finite element mode-
ling codes e.g. (SPEFEM3D). SPECFEM3D is capable of regional scale
modeling, however requires extensive computational power that is
always not feasible. Due to the limitations of computational power,
only topography was analyzed in this study (Chapter 4). If clusters
of parallel computers with distributed memory are available, the
regolith thickness and geology can also be included in conjunction
with topography to the model and evaluate their combined impact
on amplification of seismic response.

3. The derived findings from the thesis should be shared with the
local authorities through workshops to enhance their capacity to
formulate earthquake management strategies.
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