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ABSTRACT

Nepal is situated in the central part of the Himalaya, which is one of the most
seismically active zones in the world. Nepal has witnessed several mega-quakes, with
magnitude above 8, and thousands of smaller earthquakes. The 2015 Mw 7.8 Gorkha
earthquake is the most recent significant event in the country. Large and moderately
large earthquakes can have a tragic impact on people and society as a whole. The
preparation of seismic hazard map and evaluation of site specific ground motion due to
earthquake are recognized as the fundamental steps towards the earthquake risk

reduction.

An attempt is made to develop seismic hazard maps of Nepal using available data of
earthquakes, recent knowledge of seismotectonics and refined geological features. A
comprehensive and magnitude-homogenized earthquake catalogue is prepared from the
processing of earthquake catalogues collected from different sources. Thus prepared
catalogue contains earthquake data since 1100 AD to 2017 AD. Nine sets of potential
earthquake source models are delineated after the analysis of the seismicity distribution,
geological structures, results of different geophysical and geodetic surveys and the

experience of 2015 Gorkha Earthquake.

Probabilistic technique of seismic hazard analysis is applied to evaluate seismic hazard
in Nepal. The result shows high hazard in an east-west elongated belt that runs parallel
to the front of the Higher Himalaya. The maximum PGA reaches about0.45 g in far-
west Nepal and about 0.4 g in Kathmandu Valley for 10 % probability of exceedance in

50 years, at engineering rock site.

The effect of the sediments of the Kathmandu sedimentary basin is investigated using
strong motion data of earthquakes recorded in the Kathmandu Valley. During the Mw
7.8 (Gorkha) earthquake, the largest PGA (0.25 g) was recorded at Kirtipur (KTP),
which is a rock site. The record shows a single and unusual spike, which is attributed to
the permanent displacement of the Main Himalayan Thrust. The second largest PGA
(0.23 g) was recorded at the Central Department of Geology (Tribhuvan University
(TVU)), which is a soil site. During the Mw 7.8 earthquake, the PGAs were

vii



comparatively smaller at all soil sites, whereas the peak ground velocity (PGV) was

small at KTP (rock site) and were larger at all other soil sites.

The strong motion records of the earthquakes depict the predominant period being
between 3 and 5 seconds at the soil sites. The high frequencies (>2.5 Hz), were strongly
damped and the low frequencies (<2.5 Hz) were amplified at the soil sites, therefore tall
buildings suffered more and the low rise buildings suffered less when compared. The
amplification factor was small during the stronger earthquakes and was large during
smaller earthquakes; thus demonstrating non-linear response of soil. The analysis
shows that the azimuthal effect of earthquake sources was not observed in the
Kathmandu Valley.

Earlier reports on the 1934 Bihar-Nepal Earthquake (Mw 8.2) and 1833 North
Kathmandu Earthquake (Mw ~7.6) report localized massive destruction in the
Kathmandu valley and attribute the massive destruction to local geology of the basin
(Pandey and Molnar, 1988). Contrary to these claims, amplification of ground
acceleration was not observed in the Kathmandu valley during the 2015 Gorkha

Earthquake but the low frequencies were amplified.

The seismic hazard map and ground response results are mandatorily considered in
policy making, planning, formulation and revision of building codes, design of new
infrastructures and retrofitting of existing infrastructures. It facilitates the seismic risk

assessment, insurance policies and many other related matters.
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CHAPTER 1

INTRODUCTION

1.1. Background

The world faces and suffers from a number of disasters such as floods, droughts,
landslides, cyclones, earthquakes, tsunamis and fires every year. A disasteris a
serious disruption, occurring over a relatively short time of the functioning of a
community or a society involving widespread human, material, economic or
environmental loss and impacts, which exceed the ability of the affected community
or society to cope using its own resources. Some of the disasters are natural and some
are human induced. Earthquake, flood, cyclone etc. are natural disasters caused by the
natural processes. Developing countries suffer more when a disaster hits. More than
95 percent of all deaths and casualties caused by hazards occur in developing
countries, and losses due to natural hazards are greater (as a percentage of GDP)
in developing countries than in developed countries (https://www.usgs.gov/fags/).

Earthquake is one of the most frightening and destructive phenomena of nature
because of its terrible impacts not only to people but also to the society and the nation
or beyond. Scientifically speaking, an earthquake is a sudden movement on geological
faults, which causes the abrupt release of strain that has accumulated over a long time.
The tectonic forces have acted for millions of years and resulted in shaping the Earth
as it is at present. Tectonic plates move at certain rate over, under and past each other.
During interseismic periods, the plates are locked together, and are unable to release
the accumulating energy. When the accumulated energy grows strong enough, the
plates break and displacement occurs on geological faults. In general, earthquakes
with magnitude smaller than 5 do not cause considerable damage. If the earthquake
magnitude is large (usually larger than 5) and occurs in a populated area, the
consequences may be very catastrophic. The effect of an earthquake depends on its
magnitude, distance between earthquake source and sites, local site effect,
construction types, season (rainy or dry), time of occurrence (day, night, and holiday
or office hours) and response of people during earthquake. An adverse event will not

rise to the level of a disaster if it occurs in an area without vulnerable population. In a
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vulnerable area, however, an earthquake can have disastrous consequences with

significant damage, which may require years to recover.

Earthquakes in Nepal and the Himalaya region are caused by the release of energy
that accumulates on account of the collision between the Indian and the Eurasian
Plates (Dewey & Bird, 1970; Powell & Conaghan, 1973). The collision between the
two plates is believed to have started about 50 million years ago (Le Fort, 1975;
Coward et al., 1986) and it is still active. Collision between these two plates leads to
the straining of the crust. This process causes accumulation of energy in the form of
elastic deformation in the medium. Continuous collision of tectonic plates and cyclic
accumulation and release of elastic energy has been attributed to the development of

the Himalayan range.

Nepal is situated in the central part of the Himalaya and has witnessed a number of
large earthquakes since the historical times. Earthquakes have occurred more or less
in the same regions from pre-historic times. Large earthquakes are rare events in
comparison to others. However, the consequences of occasional large earthquakes

have remained very painful to the people, society, economy and the nation.

Prediction of earthquakes, till now, is not possible. However, its effects can be
minimized by assessing the probability of occurrence of large earthquakes and their
probable effects in advance and working out the reduction of earthquake vulnerability.
The preparation of a seismic hazard map of an area and the identification of the site-
specific response of a ground motion during earthquake could be the fundamental step

in mitigating the earthquake risk.

Seismic hazard maps are updated regularly when new findings, knowledge and data
become available. Several attempts have been made to assess seismic hazard of Nepal
in the past with limited data, limited source models, and limited attenuation relations.
A lot of researches have been carried out and the new seismic phenomena have been
observed like new seismotectonics of the sources and effects of earthquakes in Nepal.
The seismic hazard in Nepal requires a new approach for its investigation utilizing
logic tree so that uncertainties in earthquake source geometry, earthquake source
location, attenuation relation and maximum potential magnitude could be minimized.

Present research incorporates new findings in the field of seismotectonics, source



zonation, size of maximum potential earthquake and observation of 2015 Gorkha

Earthquake.

The present research aims to evaluate seismic hazard in Nepal and prepare a seismic
hazard map so that the map can be utilized for estimating probable peak ground
acceleration of an area during an earthquake. Such data can be used in designing
earthquake resistant infrastructures so as to minimize the effect of an earthquake. In
addition to the seismic hazard analysis of Nepal, site-specific ground response of the
Kathmandu valley was also analyzed using the strong motion data from the 2015
Gorkha Earthquake. Present study, in this regard, is a latest contribution in the field of
seismic hazard study of Nepal by considering multiple source models and multiple
attenuation relations. Site-specific ground response analysis of the Kathmandu valley
using the 2015 Gorkha Earthquake is also a new study for the Kathmandu valley. It is
envisaged that, the results of the present study will be very useful for the earthquake-

resistant infrastructure development in Nepal.

This thesis is the result of six years continuous work. One paper has been published in
an international journal with impact factor and three papers have been published in
indexed journal (Appendix 1). Similarly, the results were presented in national and
international conferences (Appendix 2). This thesis provides a detailed elaboration of

the research questions, objectives, methodology, results and conclusions of the study.

1.2. Geological setting of the Nepal Himalaya

Geologically, Nepal is divided into five major units (Figure 1 and Figure 2), which are
the Indo-Gangetic Plain (Terai), the Sub-Himalaya, the Lesser Himalaya, the Higher
Himalayan and the Tethys Himalaya, successively from south to the north (Gansser,
1964). These geological units extend approximately parallel to each other and run all
along the Nepal Himalaya. The geological units are characterized by their own
lithology, tectonics, structures and geological history. Besides the major geological
zones, Nepal comprises a number of intermontane basins and dun valleys. The
Kathmandu valley is one of the major intermontane basins in Nepal. A brief
description of each tectonic zones and geological setting of the Kathmandu valley is

given in the following sections.
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Figure 1: Geological Map of Nepal prepared by Petroleum Exploration Promotion Project, Department

of Mines and Geology, Government of Nepal (Source: https://petroleumnepal.gov.np/).
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Figure 2: Geological cross section at the longitude of Kathmandu prepared by Petroleum Exploration
Project, Department of Mines and Geology, Government of Nepal (Source:

https://petroleumnepal.gov.np/).

1.2.1. Indo-Gangetic Plain

It is the southernmost geological unit, which is called Terai in Nepal. It is a foreland
basin, which developed after the collision of the Indian and Eurasian Plates, which is
directly linked with the rise of the Himalaya. The basin is filled in with by Pleistocene

to Recent alluvial deposits. In the north, it is bounded by the Main Frontal Thrust

4
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(MFT). The average thickness of deposit is about 1500 m. The Terai Zone shares a
significant proportion of current Himalayan stress accumulation which is evidenced

by presence of blind thrusts and thrust-propagated folds beneath the sediments.

1.2.2 Sub-Himalaya (Siwalik)

The foothill ranges of the Himalaya are called the Sub-Himalaya or Siwaliks. It is
bounded to the south by the MFT while in the north it is separated by the Main
Boundary Thrust (MBT). The Sub-Himalayan rocks represent the Late Tertiary
(Middle Miocene to Early Pleistocene) continental molassic sediments deposited
within the southern foredeep basin of the Himalaya. The Siwalik succession is 4-6 km
thick in Nepal Himalaya and in general represents a coarsening upwards sequence
with individual fining up cycles which reflects the rising history of the Himalaya
(Gansser, 1964).

1.2.3 Lesser Himalayan Zone

The Lesser Himalaya lies between the Sub-Himalaya and Higher Himalaya. Both the
southern and northern boundaries are represented by thrust-faults, i.e., the MBT and
the Main Central Thrust (MCT), respectively. It comprises mainly sedimentary to
low-grade meta-sedimentary rocks of Late Precambrian to Oligocene (Hashimoto et
al., 1973; Stocklin & Bhattarai, 1977; Sakai, 1983). In the eastern part, it consists of
many windows consisting of low grade meta-sedimentary rocks around the crystalline

rocks of the thrust sheets.

1.2.4. Higher Himalaya

The Higher Himalaya is bound by the MCT in the South and the South Tibetan
Detachment System (STDS) in the north. The Higher Himalaya is composed of about
10 km thick pelitic, psammatic and calcareous para-gneisses, granitic ortho-gneisses
and migmatites of amphibolite facies containing kyanite and sillimanite (Le Fort,
1975; Arita, 1983; Colchen et al., 1986). The MCT has transported the high-grade
Higher Himalayan rocks over the low-grade meta-sedimentary rocks of the Lesser
Himalaya. The Higher Himalayan rocks form nappes (e.g. Kathmandu Nappe,



Dadheldhura Nappe) and klippes (e.g., Jajarkot Klippe, Kahun Klippe) at different

places in the Lesser Himalaya.

1.2.5. Tethys Himalaya

The Tethys Himalaya lies between the STDS in the south and the Indus-Tsangpo
Suture (ITS) Zone in the north. This zone comprises sedimentary rocks (e.g. shales,
limestones, and sandstones), which range in age from Cambrian to Cretaceous from
shelf-sediments deposited on the northern margin of the Indian Continent (Hagen,
1968; Bodenhausen & Egeler, 1971; Bordet et al., 1971; Colchen et al., 1981).

1.2.6. Geology of Kathmandu valley

The Kathmandu valley is located within the Lesser Himalaya (Figure 3). The basin
falls in the Midland Zone of the Lesser Himalaya, and is bounded by the Mahabharat
Lekh in the south and the Shivapuri Lekh in the north. The basement of the
Kathmandu basin is interpreted to be a huge nappe (Kathmandu Nappe) formed by
thrusting along Mahabharat Thrust (MT), probably the southward extension of the
Main Central Thrust (MCT) (Stocklin, 1980). It is made up of the Precambrian
Bhimphedi Group and Paleozoic Phulchoki Group (Stocklin, 1980). The Kathmandu
valley is filled in with young fluvio-lacustrine sediments (Figure 3) of Pliocene to
Quaternary age (Yoshida & Igarashi, 1984). The maximum depth to bedrock is more
than 500 m at the middle of the basin. Geologically, the Kathmandu valley falls in the
Midland zone of the Lesser Himalaya (Dhital, 2015).
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Figure 3: Geological map of Kathmandu valley (Modified from Sakai, 2001).
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Figure 4: Schematic cross section beneath the Kathmandu valley (Modified after Sakai, 2001).

The sediments of the Kathmandu basin unconformably lie on the Kathmandu
Complex rocks (Figure 4). The sediments range in age from 2.5 Ma to about 20 kyr
with a total thickness of about 600 m at the central part of the basin.



1.3. Seismicity and seismotectonics of the Nepal Himalaya

The Himalayan range is one of the seismically active regions in the world, which has
produced several destructive earthquakes in the past (e.g. Bilham et al., 2001; Bilham,
2004; Szeliga et al., 2010; Ambraseys & Jackson, 2003; Chitrakar & Pandey, 1986;
Pant, M. R., 2002).The Himalayan region has witnessed six destructive earthquakes in
less than 150 years, which are the 1987 Shillong Earthquake (Mw 8.3), 1905 Kangra
Earthquake (Mw 7.8), 1934 Bihar-Nepal Earthquake (Mw 8.4), and 1950 Assam
Earthquake (Mw 8.6), 2005 Muzafarabad (Pakistan) Earthquake (Mw 7.6), and the
recent 2015 Gorkha Earthquake (Mw 7.8). Historical documentation shows that the
region between the 1905 Kangra Earthquake and the 1934 Bihar Nepal Earthquake
(between 78°E and 84°E) has not produced any major earthquake since approximately
the last five hundred years and is feared as a seismic gap (e. g. Khattri & Tyagi, 1983;
Khattri, 1987; Bilham et al.,, 1995; Pandey et al., 1999), where destructive
earthquakes could be overdue.

A Dbelt of seismic activity can be traced all along the Nepal Himalaya (Figure 5)
(Pandey et al., 1999). This belt of seismic activity correlates to a zone of maximum
uplift rate revealed in leveling data (Jackson & Bilham, 1994; Pandey et al., 1995;
Bilham et al., 1997 and Lave & Avouac, 2001), and a zone of maximum horizontal
GPS velocity (Cattin & Avouac, 2000) at the geometrical ramp, which is a transition
zone between locked southern part of the Main Himalayan Thrust (MHT) and
aseismically creeping part in the north, beneath South Tibet. The seismicity of the
Himalayan belt is characterized by shallow focus (10<depth<25km) earthquakes
(Figure 6). The 1988 Udayapur Earthquake area is an exception, where the
earthquakes occur in the upper mantle (Chen et al., 1981; Chen & Molnar, 1983;
Pandey, M. R. & Nicolas, M., 1991; Zhao & Helmberger, 1991; Zhu & Helmberger,
1996; Chen & Yang, 2004; Kayal, 2001; Pandey et al., 1999).
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Figure 6: Structural cross sections across the central Himalaya and far-west of Nepal (AA' and BB' in
Figure 5) (Pandey et al., 1999). The figure shows the density of earthquake foci concentrated at
shallow depth.

The MHT is the major geological structure beneath the Himalaya. The MFT, MBT
and the MCT are inferred to join this mega thrust at depth (e.g. Avouac, 2003). Most

of the crustal deformation in the Himalaya occurs on MHT (Cattin & Avouac, 2000;
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Lave &Avouac, 2000). The MHT is a detachment thrust and its surface expression is
the MFT (Nakata, 1989), where the long term slip rate has been estimated from the
study of uplift of Holocene terraces to be 21.5+1.5 mm/yr in central Nepal (Lave &
Avouac, 2000) and 196 mm/yr in western Nepal (Mugnier et al., 2003).

Geodetic investigations carried out in Nepal show that the MHT absorbs about 20
mm/year of the India-Eurasia convergence (Bilham et al., 1997), which is about 50
percent of the India-Eurasia convergence rate (Bettinelli et al., 2006). Geodetic
studies also show that the MHT is nearly fully locked from the surface trace of MFT
to a width of about 100 km in the north, beneath the front of the Higher Himalaya
(Bilham et al., 1997; Jouanne et al., 1999; Larson et al., 1999; Bettinelli et al., 2006;
Ader et al., 2012). This locking decreases towards north abruptly, within a transition
zone of smaller than 30 km width. This transition occurs at a depth of about 15-20
km, where the temperature on the MHT is estimated to reach 350°C (Ader et al.,
2012). In the north of the locking zone the MHT extends into a sub horizontal shear
zone, which is interpreted to be associated with aseismic creep, probably, thermally
enhanced by ductile flow (Cattin & Avouac, 2000). At present, the MFT is considered
to be the most active fault system regarding the surface deformation of Holocene
terraces across it (Lave et al., 2000; Lave et al.,, 2001). At the time of great
earthquakes, it is believed that the nucleation of earthquake occurs at the geometrical
ramp and propagates towards the south resulting in surface deformation and surface
break close to MFT. Possibly MFT does not rupture during magnitude less than 8.0
earthquakes and leaves the frontal area stressed to be ruptured in next great
earthquake or with smaller magnitude local earthquake in the south of the ramp. The
other thrusts/faults are not considered very active in comparison to the MFT (Pandey
et al., 1999). The shallow earthquakes (depth <20 km) in South Tibet show normal
faulting whereas the relatively deeper events (depth >60 km) show strike slip
mechanism (Rajaure et al., 2013).

1.4. Seismic hazard and seismic hazard map

Seismic hazard is the hazard associated with potential earthquakes in a particular area,
and a seismic hazard map shows the relative hazards in different areas (USGS, 2019).
Geology, seismicity and seismotectonic setting of the Himalayan region show that
Nepal and its adjoining regions are in seismically high hazard zone. Historical data of

10



last five centuries show high casualty rate during the earthquakes of more than 6
magnitudes in the Indian subcontinent. More than 1.7 million people have died in the

Indian subcontinent in the last two centuries due to earthquake (Bilham, 2004).

Kathmandu valley was destroyed by 9 major earthquakes since 1255 (Chitrakar &
Pandey, 1986) and thousands of people were killed, millions of peoples became
homeless, many historical monuments including the Dharahara collapsed, and
epidemic had spread. Latest in the series of earthquakes is the 25 April 2015 Gorkha
Earthquake of Mw 7.8. It occurred at about 80 km in north-west direction from the
Kathmandu valley. This earthquake claimed about 9000 lives; injured thousands and
hundreds of thousands were made homeless (e.g. http://drrportal.gov.np/).

1.5. Rationale

Geological and seismotectonic settings reveal that Nepal falls in one of the most
seismically active zone of the world as discussed earlier. The 2015 Gorkha
Earthquake (Mw 7.8), followed by a number of strong aftershocks has once again left
us message that destructive earthquakes are less frequent, but can cause unimaginable
loss of lives and property leaving the economy of the region in a poor condition,

which might sometimes result in social unrest.

Earthquakes cannot be predicted reliably so far. Therefore, in order to minimize loss
of lives and property, earthquake resistant structures must be designed and
constructed. Assessment of seismic hazard is the primary and crucial input in an effort
to make safer structures. Results from seismic hazard assessment can provide input to
design earthquake resistant structures as well as to strengthen existing structures at
sites of interest. It also helps to formulate national level development policies,
planning, upgrade of existing building code and making land use planning. In recent
years, growing number of urban centers and construction of high-rise buildings,
reservoir-type hydropower projects and road tunnels in Nepal have warranted for
more specific and reliable peak ground acceleration (PGA) values for safer design and
construction. Seismic hazard assessment map provides PGA values for any

construction sites.

11
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Present research was undertaken to develop a new probabilistic seismic hazard map of
Nepal utilizing also the lessons from 2015 Gorkha Earthquake and the relevant
characteristics, such as, new multiple source models, multiple attenuation relations,
different datasets and earthquake recurrence parameters estimated using different

methods.

The 2015 Gorkha Earthquake also provided a unique opportunity to study the ground
response of the Kathmandu valley using locally recorded strong motion data. The
2015 Gorkha Earthquake and its aftershocks were well recorded by accelerometers

operating in the Kathmandu Valley.

1.6. Research gap

There are a number of seismic hazard maps of Nepal published by different
researchers in the past. However, the researchers have used limited earthquake data
available at that time, limited attenuation relations, less known seismotectonics of the
region than at present, and less known earthquake sources. Additionally, in some
cases only instrumentally recorded data were used by previous researchers, whereas
seismic hazard assessment requires records of historical earthquakes in addition to

instrumentally recorded data.

The ground response study of the Kathmandu valley sediments carried out by the
previous researchers was based on microtremors. Records of strong earthquakes were
not available for such studies in the past. The predominant period and amplification of
ground motion in the Kathmandu valley is not properly understood. On the other

hand, it is still not clear whether the site-effects are linear or non-linear.

1.7. Research questions

There are a number of research questions related to the seismic hazard assessment of
Nepal and ground response of the Kathmandu valley during a large earthquake. They

are as follows:

(1)  What are the potential earthquake sources for Nepal?
(i)  How much is the peak ground acceleration for major cities in Nepal?

(iii)  Are the site-effects in the Kathmandu valley linear or non-linear?
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(iv) What is the predominant period of ground motion in the Kathmandu valley?
(v) Do the Kathmandu valley sediments amplify the seismic waves? If so, how
much is the amplification?

(vi) Should the existing building code of Nepal be revised or not?
1.8. Objectives

1.8.1 General objectives
The general objectives of the present research are as follows:

(1) To develop probabilistic seismic hazard map of Nepal

(i)  To estimate the ground response of Kathmandu valley sediments

1.8.2. Specific objectives
The specific objectives of present research are as follows:

i. To prepare Earthquake catalogue for Nepal and adjoining areas
ii. To identify potential earthquake sources for Nepal and adjoining region
iii. To evaluate peak ground acceleration in major cities in Nepal
iv. To investigate whether the site-effects are linear or non-linear
v. To identify the predominant period of ground motion in the Kathmandu valley
vi. To calculate the seismic wave amplification in Kathmandu valley sediments
vii. To recommend concerned authorities for building code revision according to

new results
1.9. Outputs

The following are the outputs of this research

(i) Comprehensive, magnitude-homogenized earthquake catalogue for seismic
hazard analysis.

(i1) Probabilistic seismic hazard map of Nepal.

(iii) Ground response of Kathmandu valley sediments using strong motion records of

earthquakes recorded in the valley.
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1.10. Applications

Seismic hazard maps are basic input in planning, policy making, formulation and
revision of building codes and strengthening of existing structures. Seismic hazard
results are therefore very important in the development of any country like Nepal,
which requires acceleration of its development works in a sustainable way. Results of
present research are useful in the revision of the existing National Building Code

prepared by the Government of Nepal.

Similarly, there are several projects of national priority, which require appropriate and
reasonable assessment of seismic hazard in Nepal. This thesis provides basic
requirements in the revision of building code and design of projects of national

priority as well as other development projects.
1.11. Limitations

Seismic hazard assessment requires data recorded for a long period of time. Such a
period should cover a complete earthquake cycle of great earthquakes. However,
earthquake monitoring started in the early of 20" century with very few seismic
stations globally. Because of sparse distribution of seismic stations and early
technology, only strong earthquakes only were recorded (Mw >5) in the past. The
world saw a revolution in the monitoring of earthquakes after the expansion of
existing networks that improved the detection threshold for earthquakes.

The Department of Mines and Geology (DMG) started to operate its nationwide
seismic network in 1995. The network was installed in a technical collaboration
between DMG and Department Analyze Surveillance Environment (DASE), France.
The network has short-period, vertical component seismometers at 21 locations in
Nepal and its detection threshold is local magnitude (MI) 2.0 for earthquakes in

Nepal.

Proper seismic hazard analysis is based on available data, understanding of the
seismotectonics, experience of strong earthquakes and strong motion records. The

following are the limitations in this study:
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i. Limited pre-instrumental records of earthquakes and their uncertainties in terms of
location and magnitude, which might have partly increased the uncertainties.

ii. Maximum potential magnitude as well as earthquake recurrence parameters of
earthquake source zones are important factor in any seismic hazard assessment.
The maximum potential magnitude of earthquake sources were adopted from
published literatures in some cases. Similarly, the earthquake recurrence
parameters were estimated from available data assuming the b-value does not vary
with time.

iii. Locally derived attenuation relations for Nepal Himalaya do not exist. In the
present study attenuation relations derived for other regions with similar tectonic
settings ere used, which might not represent the real situations of the Nepal
Himalaya.

iv. Ground response analysis was carried out only for the Kathmandu valley because
the strong motion data were not available for other major cities of Nepal.

v. Strong earthquakes occur in many tens to hundreds of years but we have record of
earthquakes recorded by instruments that is not longer than one hundred years. Of
course, the instrumental record is supplemented from historical record in the form
of different types of documents but their uncertainty in terms of location and

magnitude is large.
1.12. Layout of the Thesis
There are six chapters in this dissertation thesis.
Chapter | deals with general introduction of subject matters.

Chapter 1l presents an overview of reviewed literatures in seismology, geology,
seismotectonics, seismic hazard and ground response. The major review was carried
out in seismic hazard assessment of Asia, India and Nepal along with the site-

response in the Kathmandu Valley.

Methods and materials are described in the Chapter I1l. Probabilistic seismic hazard
technique was applied to the comprehensive, magnitude-homogenized earthquake
catalogue prepared during this study. In addition to the prepared earthquake

catalogue; geological map, geological structures were used in the seismic hazard
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assessment. Ground acceleration records of earthquakes, which were recorded in the

Kathmandu Valley, were utilized to estimate local site effects.

Probabilistic seismic hazard map of Nepal and response of the Kathmandu valley
sediments to earthquake ground motion are the major areas of results of this study,

which are presented in Chapter IV,

The major source of seismic hazard in Nepal is the MHT. The soil in the Kathmandu
valley responded non-linearly during the Gorkha Earthquake sequence. Such

conclusions are described in Chapter V.

The references are presented separately in Chapter VI.
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CHAPTER 2
LITERATURE REVIEW

2.1. General

In order to achieve the objectives as mentioned earlier, relevant literatures were

reviewed on various aspects. The review was carried out on:

1. Chronological development of hazard assessment
2. Seismic hazard assessment of Asia and Indian subcontinent
3. Seismic response of Kathmandu valley sediments

2.2. Chronological development of seismic hazard assessment

Inclusion of seismic provisions in building codes were first practiced after the 1933
Long Beach, California Earthquake. At the beginning, in the 1940s and 1950s,
seismic design provisions in building codes were based on qualitative evaluations of
hazard.

A quantitative seismic hazard map based on probabilistic analysis was introduced in
Canada after the work of Milne and Davenport (1969). The researchers used extreme
value statistics to calculate a gridded map of Peak Ground Acceleration (PGA) having
an annual exceedance probability of 0.01 (100 year return period). A related
amplitude recurrence method was also developed, based on counting the annual
number of exceedance of a specified acceleration at a site.

Cornell (1968) developed a different methodology which was later coded into a
FORTRAN algorithm by McGuire (1976). It is widely referred to as the Cornell-
McGuire method. In the Cornell-McGuire method, the spatial distribution of
earthquakes is described by seismic source zones; an active fault was defined as a
linear source, and geologic information and historical seismicity were used to
represent the sizes of events and their rates of occurrence at the fault. Areas of diffuse
seismicity are represented as area source zones. Because of its ability to incorporate
both seismicity and geologic information, the Cornell-McGuire method quickly
became popular and was widely used throughout the world. Its application to seismic
zoning in Canada has been described by Basham et al., (1982; 1985); Adams et al.,
(1999); Adams & Halchuk (2003, 2004) and Adams & Atkinson (2003).
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Over the period of last 30 years, improved data and knowledge have become
available, particularly on the origin, occurrence and effects of earthquakes;
accordingly the strong ground motion as a result of earthquakes has been better
understood in terms of their generation and propagation. It has facilitated in

minimizing the uncertainties in the assessment of seismic hazard.

2.3. Seismic hazard assessment of Asia and Indian sub-continent

2.3.1. Seismic hazard assessment of Asia

Giardini et al. (1999) published probabilistic seismic hazard map of Asia (Figure 7)
under the Global Seismic Hazard Assessment Program (Figure 7). The map shows
seismic hazard in terms of peak horizontal ground acceleration (PGA) at engineering
rock site condition. The PGA was calculated for 10% probability of exceedance in 50
years (~500 year return period). This map provides a broader overview of the seismic
hazard in Nepal and surrounding regions. According to this map, the PGA varies

between 0.4 g and 0.6 g in Nepal.
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Figure 7: Probabilistic seismic hazard map of Asia by GSHAP (Redrawn using data from

http://www.seismo.ethz.ch/static/GSHAP). The PGA values were calculated for engineering rock site

condition.
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2.3.2. Seismic hazard map of India

(a) Geological Survey of India

The first attempt was made in 1935 to prepare seismic zoning map of India by the
Geological Survey of India (GSI) (Khattri, 2006). The map divides the Indian
Territory into three zones (Severe, moderate and minor hazard). A new seismic
zoning map of India included in 1S1893:2002, was published in 1962 by GSI (Khattri,
2006). The map utilizes intensity distribution of past destructive earthquakes as the
basis for zoning and therefore represents damages in past destructive earthquakes as
high hazard zone. The map was subsequently revised in 1966, 1970, 1984 and 2002
(Khattri, 2006) to incorporate weights of known tectonic features, which still retains
the intensities of destructive earthquakes as in the earlier versions. The presently
adopted seismic hazard map of India (Figure 8) (1S-1893:2002): Geological Survey of
India, (2002) divides India into four zones: Zone 1l (Intensity VI), Zone Il (Intensity
VII), Zone IV (Intensity VIII) and Zone V (Intensity I1X or larger), which have
anticipated peak ground acceleration of 0.1 g, 0.18 g, 0.24 g and 0.36 g. This map is
based on the intensity of past destructive earthquakes of the region and therefore does

not consider probability.
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Figure 8: Seismic zoning map of India (modified from IS: 1893 (Part-1)).
which has PGA larger than 0.24 g.

(b) Nath and Thingbaijam (2012)

Nepal falls in a region,

Nath and Thingbaijam (2012) prepared probabilistic seismic hazard map of India and

adjoining regions (Figure 9). The seismic hazard map shows

the seismic hazard

corresponding to 10% probability of exceedance in 50 years. The maximum hazard is

noticed near the Nepal-India border in the west and Indo-Myanmar border region and

reaches up to 0.6 g in some regions.
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Figure 9: Probabilistic seismic hazard map of India and adjoining region corresponding to 10%
probability of exceedance in 50 years at engineering rock site condition. The PGA over Nepal ranges
between 0.3 g and 0.5 g (Nath & Thingbaijam, 2012).

(c) National Disaster Management Authority (NDMA), India

A working committee of expert formed by the National Disaster Management
Authority, Government of India (NDMA, India 2010) submitted its final report on
“Development of Probabilistic Seismic Hazard Map of India” to the Government of
Indian 2010. The seismic hazard map (Figure 10) shows the PGA corresponding to
Type ‘A’ site conditions. According to the National Earthquake Hazard Reduction
Program (NEHRP), Type ‘A’ site has shear wave velocity (Vs) larger than 1500 m/s.
Type ‘A’ sites have Vs larger than that at engineering soil sites (760<Vs<1500 m/s.
The largest PGA in Nepal is about 0.18 g in the western part of Nepal and the lowest
is 0.06 in the southern part. The site classification for seismic site response (NEHRP
1994) is given in Appendix 3.
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Figure 10: Probabilistic seismic hazard map of India and the adjoining region corresponding to 10%

probability of exceedance in 50 years. The PGA was calculated for ‘A’ type soil class. According to

this map the PGA varies between 0.06 g and 0.18 g in Nepal (NDMA, 2010).
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2.3.3. Seismic hazard assessments of Nepal

The research on seismic hazard in Nepal has been carried out by several institutions
and researchers. Some of the important works in this regard have been reviewed in the

following sections.

2.3.3.1. Seismic hazard mapping and risk assessment for the National Building
Code, Nepal (1993)

This work on "Seismic hazard mapping and risk assessment™ was carried out by Beca
Worley International et al. (1993)I for the seismic design of buildings in Nepal in
1994 (NBC-105). The map (Figure 11) shows horizontal PGA at rock site for 10%
probability of exceedance in 50 years. According to this result, the PGA values vary

between 0.26 g and 0.42 g. The maximum PGA (>0.42 g) is estimated in the western

part of Nepal.
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Figure 11: Probabilistic Seismic hazard map (NBC-105) of Nepal corresponding to 10% probability of
exceedance in 50 years for an engineering rock site condition. The PGA varies between 0.26 g and 0.42

g across Nepal (Modified from Beca Worley et al., 1993).
2.3.3.1.1. Global seismic hazard program map (1999)

The Global Seismic Hazard Assessment Program (GSHAP) was launched in 1992 by
the International Lithosphere Program (ILP). The program was supported by the
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International Council of Scientific Unions (ICSU) and was completed in 1999. The
GSHAP prepared probabilistic seismic hazard map for different regions of the world.
Figure 12 is the probabilistic seismic hazard map (Figure 12) of Nepal reproduced
using GSHAP data. The PGA value varies between 0.3 g and 0.5 g in Nepal.
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Figure 12: Probabilistic seismic hazard map of Nepal corresponding to 10% probability of exceedance
in 50 years at an engineering rock site condition. (Reproduced using data from
http://www.seismo.ethz.ch/static/lGSHAP).

2.3.3.1.2. Pandey et al. (2002)

Pandey et al. (2002) prepared seismic hazard map of Nepal (Figure 13). The seismic
hazard map depicts a belt of high hazard (PGA>200 gal; 1 gal = 1cm/sec®) that runs
parallel to the Himalaya. The PGA varies between 50 gal and 450 gal (1 gal = 1
cm/sec?), which was calculated for an engineering rock site condition.
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Figure 13: Probabilistic seismic hazard map of Nepal corresponding to 10% probability of exceedance
in 50 years for engineering rock site condition (Redrawn from Pandey et al., 2002). The PGA varies
between 100 and 400 gal

2.3.3.1.3. Thapa & Wang (2013)

Thapa & Wang (2013) prepared seismic hazard map of Nepal using probabilistic
seismic hazard analysis technique developed by China Earthquake Administration
(CEA), 2005. They estimated horizontal peak ground acceleration corresponding to
63%, 10% and 2% probability of exceedance in 50 years at engineering bedrock,
using attenuation relation developed by CEA (2005) for western China. The result
shows that the estimated PGA value varies between 0.2 g and 0.57 g (Figure 14).
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Figure 14: Probabilistic seismic hazard map of Nepal corresponding to 10% probability of exceedance
in 50 years for an engineering rock site condition. (Modified from Thapa & Wang, 2013). The PGA

varies between 0.2 g and 0.57 g across Nepal.
2.3.3.1.4. Rahman & Bai (2018)

Rahman & Bai (2018) prepared probabilistic seismic hazard map of Nepal using
multiple source models. They have estimated maximum PGA of about 0.64 g in the
far-western Nepal (Figure 15). In this figure also, the largest PGA is estimated in the

western and eastern part of Nepal.

In addition to the earthquake sources used by Thapa & Wang (2013), they used

smoothed gridded, linear as well as areal sources.
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Figure 15: Probabilistic seismic hazard map of Nepal corresponding to 10% probability of exceedance
in 50 years (Modified from Rahman & Bai, 2018) for an engineering rock site condition. The PGA
varies between 0.29 g and 0.64 g.

2.3.3.1.5. Stevens et al. (2018)

Stevens et al. (2018) prepared probabilistic seismic hazard map (Figure 16) of Nepal
using the detailed geometry of the Main Himalayan Thrust (MHT). The entire MHT,
having maximum potential magnitude as large as (Mw) 9.2, was used as a single
source. In addition to MHT, normal faults in South Tibet also were used as potential
earthquake sources. Earthquake catalogue, comprising data between 1995 and 2016,
was used to find earthquake recurrence parameters. A fixed b-value (1.0) was used for
the entire region and a-values were recalculated from the catalogue. The maximum

PGA (0.6 g) is estimated in the southern part of Nepal.
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Figure 16: Probabilistic seismic hazard map of Nepal corresponding to 10% probability of exceedance
in 50 years (Redrawn from Stevens et al., 2018) for an engineering rock site condition. The maximum

PGA reaches up to 0.6 g at some places.
2.4. Ground response of the Kathmandu valley sediments

The seismic response of a site is affected by many factors, such as source
characteristics, propagation path and local site conditions. Among all these factors,
the local site conditions may have significant impact on the seismic site response
(Borcherdt & Glassmoyer, 1992).These effects caused by local site condition are well
known among the geotechnical engineers and seismologists as site effect. Local site
conditions may cause significant amplification of ground motion and concentrated
damage during an earthquake (Asimaki & Gazetas, 2004).

The Kathmandu valley is a bowl-shaped depression, filled with fluvio-lacustrine
sediments, on top of the Precambrian metamorphic rocks. Due to the vertical variation
in lithology and lateral variation in sediment characteristics, seismic waves are
influenced in the basin. As a result, the Kathmandu valley experiences varying degree
of ground shaking/destruction (e.g. Pandey & Molnar, 1988 and Rajaure et al., 2015).
The damage pattern of the 1934 (M 8.1) earthquake (Bilham et al., 1995), in
particular suggests that ground amplification due to fluvio-lacustrine sediments plays

a major role in intensifying the ground motion in the basin (Paudyal et al., 2013).
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The ground response of the valley has been studied by some researchers in the past,

which are described below.

2.4.1. Pandey (2000)

Pandey (2000) used relative power spectra of ambient noise recorded at 60 soil sites
with reference to that at rock site in the Kathmandu sedimentary basin. He reported
that the predominant frequency at 2 Hz was amplified. There are other peaks of
amplification in the range between 0.6 and 5 Hz, but the amplification factor varied
across the valley. The amplification factor was about 5 to 6 in the lacustrine area,
between 2 to 3 in transitional area and between 1 and 2 in fluviatile area.

2.4.2. JICA (2002)

The Japan International Cooperation Agency (JICA) and Ministry of Home Affairs,
His Majesty’s Government of Nepal, jointly carried out a study entitled “Earthquake

disaster mitigation in the Kathmandu Valley, Kingdom of Nepal” in 2002.

Ground condition of the Kathmandu Valley was analyzed and classified to establish
ground models. The ground models were used in the investigation of amplification of
seismic motion, evaluation of liquefaction and stability of slope. The study team made
five boreholes in order to understand essential ground properties such as shear wave
velocity, density, N value, groundwater level and mean particle size. One dimensional
response analysis was carried out using ground models derived from borehole data.
Several layers were identified based on the soil type and shear wave velocity. The

amplification factor for the ground models vary between 1.0 and 2.0.

2.4.3. Piya (2004)

Piya (2004) studied the liquefaction hazard in the Kathmandu valley. He used
geological information from boreholes and prepared liquefaction susceptibility map
for the valley. He found that Kathmandu valley could be susceptible to liquefaction in
case a strong earthquake occurs nearby with strong ground shaking in the Kathmandu
Valley. The finding was based on the presence of liquefiable soils (sand and silts),
high groundwater level and the possibility of potential strong ground motions in the

region.
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2.4.4. Khanal (2005)

Khanal (2005) carried out preliminary seismic microzonation of the Kathmandu
valley using one-dimensional seismic response analysis. Borehole logs of deep tube
wells from Kathmandu valley and the strong motion record of the 1999 Chamoli
(India) earthquake were used in this study. The investigation shows one to two story
buildings are safer considering the input ground motion used.

2.4.5. Bhattarai et al. (2011)

Bhattarai et al. (2011) reported analysis of acceleration data recorded at DMG and at
Kakani (KKN) site (about 20 km in the north of Kathmandu valley on rock). They
analyzed two earthquakes one of which occurred at a distance of 25 km (15 July 2010,
M_ 3.4 (NSC)), in Nepal, and other occurred over 110 km distance (17 October 2010,
M_ 5.7 (NSC)) in South Tibet. The study shows large PGA at a hard rock site located
at about 110 km from the accelerometric stations, which they speculate might be

caused by topographic amplification at KKN.
2.4.6. Paudyal et al. (2012)

Paudyal et al. (2012) applied horizontal-to-vertical ratio of Fourier spectra (H/V ratio
technique) of ambient noise recorded at soil sites to estimate fundamental frequency
at different parts of the Kathmandu Valley. They reported that the valley has
fundamental frequencies in the range between 0.48 to 8.9 Hz in the central and
northern part of the sedimentary basin. In addition to the fundamental frequency, they
reported other peaks between 4 and 6 Hz in the central and northern part of the basin.
Preliminary basement topography of the Kathmandu sedimentary basin was
estimated, which correlates with the result from gravity survey carried out by
Morayabashi and Maruo (1980) and shows thick sediments in the middle part of the

valley.
2.4.7. Takai et al. (2016)

Takai et al. (2016) studied the strong ground motion records of the 2015 Gorkha
Earthquake. They observed the vertical ground velocities at the sedimentary sites

were the same pulse motions that were observed at the rock site. On the other hand,
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the horizontal ground velocities as well as accelerations observed at the sedimentary
sites showed long duration with obvious long-period oscillations, caused by the valley
response. The records reveal that the horizontal valley response was amplified about
10 times (in the long period) and prolonged oscillations. The predominant period and
envelope shape of their oscillations was not consistent, across the soil indicating a
complicated basin structure. The horizontal long-period oscillations on the
sedimentary sites were strong enough to damage the high-rise buildings with natural
periods of 3to 5s.
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CHAPTER 3

MATERIALS AND METHODS

3.1. Materials

Different related information have been used for the seismic hazard assessment of
Nepal and the ground response analysis of the Kathmandu valley. These are briefly
described in the following sections.

3.1.1. Maps and images

Various maps and images were used to gather the secondary data required for the
seismic hazard analysis. Epicenter distribution map of Nepal by Pandey et al., (1999)
(Figure 5) and local earthquakes relocated by Rajaure et al., (2013) (Appendix 4)
were used to understand the seismicity pattern of Nepal and adjoining areas.
Geological map of Nepal published by the Department of Mines and Geology (1987)
(Appendix 5) and active fault map of Nepal (Nakata, 1989) (Appendix 6) were used
to gather information on fault line and active fault sources. Google Earth Images also
were used to check features such as lineaments and faults (Appendix 7).

3.1.2. Earthquake catalogue

Earthquake catalogues are fundamental inputs in seismic hazard assessment.
Catalogues of earthquakes are used to determining magnitude-frequency relation
coefficients (‘a’ and ‘b’-values) in the Gutenberg-Richter recurrence relation and the
mean annual rate of occurrence of earthquakes, which are basic requirement in
seismic hazard calculation. A complete earthquake catalogue, both in magnitude
range and time, is therefore an essential component in such studies. An earthquake
catalogue normally has a date and time of origin, location (latitude, longitude, and
depth), magnitude and uncertainties in the location. The catalogues can be grouped
into two types: instrumentally recorded and pre-instrumental earthquakes.
Earthquakes, which occurred after 1900 AD are grouped into "Instrumentally

recorded", and which occurred before 1900 AD are grouped into "Pre-instrumental™.
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3.1.2.1. Instrumentally recorded earthquakes

Instrumentally recorded earthquake data were collected from International

Seismological Centre, UK (ISC: www.isc.ac.uk), United States Geological Survey

(USGS), USA (www.earthquake.usgs.gov), Incorporated Research Institutions in

Seismology, USA (www.iris.edu) and Department of Mines and Geology, Nepal
(www.seismonepal.gov.np), in a rectangular region between 24° N and 34° N latitude
and 75° E and 95° E longitudes. The International Seismological Centre (ISC) has
been collecting, reviewing and publishing earthquake catalogue, which contains
earthquake data since 1905, however, in the early days; such data was available for
strong earthquakes only. The detection threshold of seismic observatories improved
afterwards on account of addition of new networks, expansion of existing networks
and ever changing technology. Similarly, the USGS has been compiling and
publishing earthquake catalogue since 1900. Likewise, the IRIS earthquake catalogue

has earthquake data since 1970.

The Department of Mines and Geology, Nepal has been operating a network of short
period, vertical component seismic stations since 1995 in collaboration with
Departement Analyse Surveillance Environnement (DASE). This network has
produced a very important dataset of small earthquakes, particularly in Nepal
Himalaya because of the spacing between seismic stations and coverage in the Nepal
Himalaya. This catalogue has been used to delineate seismogenic sources and for a

comparison of earthquake recurrence parameters with other data sets.

3.1.2.2. Pre-instrumental (historical) earthquakes

Data of large earthquakes is available in historical records in the form of reports of
destruction in inscriptions and chronicles. The large destructive earthquakes, which
occurred before the arrival of instruments, were collected from literatures. Locations
as well as magnitudes of such pre-instrumental earthquakes were estimated from the
area of maximum destruction and the intensity of maximum destruction respectively.
Therefore, the locations and magnitudes of pre-instrumental earthquakes might have

large uncertainties in comparison to instrumentally recorded earthquakes.

The pre-instrumental earthquakes, which occurred before the development of
instruments, were collected from Rana (1935), Chitrakar & Pandey (1986), Bilham et

33


http://www.isc.ac.uk/
http://www.earthquake.usgs.gov/
http://www.iris.edu/

al. (1995), Pant (2002), Bilham (2004), Ambrasseys & Douglas (2004) and Szeliga et
al. (2010).

3.1.3. Strong ground motion data

The Hokkaido University (Japan), in collaboration with the Central Department of
Geology, Tribhuvan University, installed four accelerometers (KTP, TVU, PTN,
THM) in 2011 on an east-west profile that runs from Kirtipur to Sanothimi in
Bhaktapur (Table 1, Figure 17). One of the accelerometer is at a rock site (KTP) and
the rest four are on soil (TVU, PTN, and THM). The accelerometers (Mitsuyo JEP-
6A3-2 accelerometers) operate on continuous mode, at 100 Hz sampling rate. In
addition to these accelerometers two more accelerometers were operating during the
earthquake; one at the premises of the Department of Mines and Geology (DMG),
Lainchaur and the other at the US recreation center at Kantipath (KATNP). The DMG
and USGS accelerometers were manufactured by GEOSIG. Their dynamic range is 2
g and sampling frequency is 200 Hz.

Strong motion (acceleration) data of earthquakes, which occurred on 30 August 2013,
South Tibet Earthquake (M 4.9), the 25 April 2015 Gorkha Earthquake (Mw 7.8) and
its three strong aftershocks (25 April, 26 April and 12 May 2012) were used in this
study. The earthquakes were recorded by five accelerometers operating in the
Kathmandu Valley.

Table 1: Location of accelerometers in the Kathmandu Valley.

Site code Latitude (°N) Longitude (°E) | Location
KTP (rock) 27.68 85.27 Kirtipur Municipality office, Kirtipur
TVU (soil) Central  Department of  Geology/Tribhuvan
27.68 85.28 University
PTN (soil) 27.68 85.31 Engineering College, Pulchowk
) University Grant Commission office, Sanothimi,
THM (soil) 27.68 85.37
Bhaktapur
KATNP )
) 27.71 85.31 Kantipath, Kathmandu
(soil)
DMG (soil) Department of Mines and Geology, Lainchaur,
27.73 85.31 Kathmandu
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Figure 17: Location of strong motion instruments (accelerometers) operating in the Kathmandu Valley.
The shaded polygons represent the intensities observed during the 1934 Bihar-Nepal earthquake
(Modified from Roy et al., 1939).

3.1.4. Software

R-CRISIS (Aguilar & Armandeo, 2017) software was used to compute seismic hazard
in terms of peak ground acceleration, peak spectral acceleration and uniform hazard
seismic response spectra. The R-CRISIS is a new version of CRISIS2015, which is a
versatile tool that has been widely used to perform probabilistic seismic hazard
assessment (Armando et al., 2017). It is a Windows based software with the capability
to perform PSHA using fully probabilistic approach that allows the calculation of
results with different characteristics (i.e. exceedance probability plots, set of
stochastic events). It is a free software available at http://www.r-crisis.com and has
been tested and validated (Armandeo et al., 2017).The software computes seismic
hazard by considering earthquake occurrence probabilities, attenuation characteristics

and the geographical distribution of earthquakes (Ordaz et al., 2017) using different
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source geometry models of earthquakes in order to describe the characteristics of the

seismic sources. The available geometry models in R-CRISIS are:

a) Area sources (where area planes and volumes correspond to particular cases) that
are modeled as planes by means of a set of vertexes that account for a three-

dimensional representation.
b) Line sources that are modeled as polylines with constant or variable depths.
c) Point sources (where grid sources are a particular case).

In addition to this software, some codes were written by myself on FORTRANT77 in
order to process data to bring into required formats. ArcGIS, Adobe Illustrator and the

Generic Mapping Tools (GMT) were used for drawing maps and figures.

3.2. Methods

3.2.1. Probabilistic seismic hazard analysis

Probabilistic seismic hazard analysis (PSHA) is a methodology based largely on the
work by Cornell (1968). Codes for seismic hazard evaluation based on the methods of Cornell
(1968) were published by McGuire (1976) and Bender and Perkins (1987).This method
estimates the rate of exceedance of some ground motion levels, generally expressed in
terms of peak ground acceleration or peak spectral acceleration (McGuire, 2004). It
provides a framework in which the uncertainties can be identified, quantified and
incorporated to provide a better image of the seismic hazard. The method has four

basic steps (Figure 18), which are described below:

Step 1: Identify all earthquake sources capable of producing damaging ground

motions.

Step 2: Characterize the distribution of earthquake magnitudes (the rates at which
earthquakes of various magnitudes are expected to occur) and he distribution of
source-to-site distances associated with potential earthquakes.

Step 3: Predict the resulting distribution of ground motion as a function of earthquake

magnitude, distance, etc.

Step 4: Combine uncertainties in earthquake size, location and ground motion

intensity, using a calculation known as the total probability.
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Figure 18: Four steps of probabilistic seismic hazard analysis (Redrawn from Kramer, 2007)

The methodology adopted in the present research is given in the following flow chart
(Figure 19).
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Figure 19: Flow chart of the research work.

3.2.1.1. Data collection and compilation

Data collected from different sources (ISC, USGS, IRIS and literatures) were merged
into a single catalogue (Table 2, Figure 20). This catalogue was processed to develop
a comprehensive and magnitude-homogenized standard catalogue to be used in the
probabilistic seismic hazard analysis.
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Table 2: Earthquake catalogues from different sources.

Magnitude Availability Number
Source Min Max From Up to
ISC 3 8.2 1901 2017 10882
USGS 3 8 1905 2017 4545
IRIS 3 7.8 1970 2017 9079
ISC-GEM 5 8 1905 2015 699
Pre-instrumental 5.1 8.5 1100 29
10882
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Figure 20: Different earthquake catalogues used to develop standard catalogue for PSHA.

Required data of earthquakes (origin date, time, latitude, longitude, and depth,
magnitude, and magnitude type) were collected from different sources, which have
published primary earthquake catalogues. Instrumentally recorded Earthquake
catalogues are published by several agencies such as ISC (www.isc.ac.uk), USGS
(https://earthquake.usgs.gov/), IRIS (https://ds.iris.edu/ds/nodes/dmc/data/types/events/catalogs/),
and DMG (www.seismonepal.gov.np).Historical earthquakes, which occurred before
the development of instrument were collected from published literatures (e.g. Szeliga
et al.,2010; Chitrakar & Pandey, 1986; Bilham, 2004, Ambrasseys & Douglas, 2004).
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After collection of earthquake catalogues from before mentioned sources, the

catalogues were merged into a single catalogue for further processing.

3.2.1.2. Magnitude homogenization

Earthquake magnitude is a number, which is used to characterize the relative size of
an earthquake. Magnitude is based on the measurement of the maximum amplitude
recorded by instrument (seismograph). There are several defined scales in common
use, but the most commonly used are (1) local magnitude (ML), commonly referred to
as "Richter scale”, (2) surface-wave magnitude (Ms), (3) body-wave magnitude (Mb),
and (4) moment magnitude (Mw). Scales ML, Ms and Mb have limited range and
applicability and do not satisfactorily measure the size of the largest earthquakes. The
moment magnitude (Mw) scale, which is based on the concept of seismic moment, is
popular and commonly used to all sizes of earthquakes but is more difficult to
compute than the other types of magnitudes. Mw is considered the most scientific and
the best compared to other magnitudes because it does not saturate even at large
earthquakes (Kanamori, 1977; Kanamori & Hanks, 1979). Therefore, the other types
of magnitudes (Mb, Ms and MI) reported in the catalogue are required to be converted
into moment magnitude (Mw). Empirical relations (Equation 1 to 4) derived by
Scrodilis (2006) are commonly used to convert other magnitudes into Mw. The
relations were established by regression analysis of global data.

Mw =0.67(+0.005) * MS + 2.07(0.03), Equation 1

(For shallow earthquakes (depth <70 Km) and Ms between 3.0 and 6.1),

M,=0.99(+0.02) * M + 0.08(+0.13), Equation 2

(For Ms between 6.2 and 8.2)

M,=0.813(0.04) * M, + 0.367(+0.23), Equation 3
(For Mb between 3.5 and 5)
Mw = 1.745*M, - 4.191 Equation 4

Similarly, the local magnitude (ML) reported by the National Seismological Center
(NSC) of the Department of Mines and Geology (DMG), Government of Nepal was
converted into Mw using Equation 5 (Ader et al., 2012).

(For MLpwm and Mw)

Mw = 0.84* MLpyc + 0.21 Equation 5
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3.2.1.3. Declustering

An earthquake catalogue may contain foreshocks and aftershocks. Both foreshocks
and aftershocks are dependent earthquakes, which precede and follow strong
earthquakes and appear in clusters. The number of foreshocks is, in general, small in
comparison to aftershocks.

In probabilistic seismic hazard assessment, independent earthquakes are required,
which follow Poisson distribution (Gardner & Knopoff, 1974; Shearar & Stark, 2011;
Abrahamson, 2006). Therefore, the identification and removal of dependent
earthquakes (foreshocks and aftershocks) is carried out to develop a catalogue of only
independent events, which will be consistent with a spatially inhomogeneous,
temporally homogeneous Poisson process. The dependent earthquakes can be
identified on the basis of their spatio-temporal proximity to other, previous
earthquakes. The dependent earthquakes occur at rates higher than the average
seismicity rate averaged over long durations.

There are two methods commonly used to decluster an earthquake catalogue, which
are ‘window’ method and ‘cluster’ method (Van et al., 2012). Gardner and Knopoff
(1974) introduced a declustering algorithm (a windowing method) that uses the
proximity of earthquakes in space and time as an indicator of clustering. Table 3
shows the time and distance criteria, which is used to identify aftershocks in an
earthquake catalogue.

Table 3: Aftershock identification windows (Gardner and Knopoff 1974)

Mw Distance(km) Time(days)
2.5 19.5 6
3 22.5 11.5
3.5 26 22
4 30 42
4.5 35 83
5 40 155
5.5 47 290
6 54 510
6.5 61 790
7 70 915
7.5 81 960
8 94 985

41




The ‘cluster’ technique (Reasenberg, 1985) identifies aftershocks by associating
earthquakes to clusters according to spatial and temporal interaction zones. The
algorithm of Reasenberg (1985) assumes an interaction zone that is centered on each
earthquake. Earthquakes occurring within the interaction zone of a prior earthquake
are considered aftershocks. The zone is dynamically modeled with spatial (Rsat) and
temporal (tmax) parameters. The length scale Rg: is proportional to the source
dimension, and the temporal scale tmax IS determined using a heterogeneous Poisson
process for aftershocks with rate A(t). Given t>0, the probability of observing n

earthquakes in the time interval [t, t+T] is given by:

e~ HOt () "

P(x([t,t+ 7)) =n) = - Equation 6
With A(t) following the Omori law
At) =k(t+o)7F Equation 7

Where X is the process, which counts the number of aftershocks occurring in the time
interval [t, t+1], whereas Kk, ¢, and p are positive constants representing the Omori law
parameters. The waiting time interval, t,, required observing the next event with
probability, P, in a given sequence of aftershocks is

—tlog(1—P)

T, = PPC T ——yr Equation 8

Mmax and mc in this equation are the largest magnitude in the sequence and
completeness magnitude, respectively. The waiting time is constrained as falling

between the minimum and the maximum look-ahead times (i.€., Tmin<Tw<Tmax)-
3.2.1.4. Completeness test

The earthquake catalogue is a combination of instrumental, historic and pre-historic
earthquake data. Large events appear in the catalogue since comparatively long time
in comparison to smaller events because of either absence of instrument or sparse
distribution in the past. The completeness of different magnitudes, in terms of years,
is required in order to precisely estimate recurrence parameters of them. The
completeness is evaluated visually, using technique proposed by Stepp (1972), which
examines the stationary nature of the activity rate. For completeness test, the

earthquake data is grouped into different magnitude classes, for example, 4<Mw<S5,
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5<Mw<6, 6<Mw<7, 7<Mw<8 and 8<Mw<9. The average number of events per year
in each magnitude range is calculated separately. If y1, x2, ... xn are the annual rates of
events in a magnitude range, then the mean rate of earthquakes is calculated using

Equation (9)

X = %Z?zl X; Equation 9

Where n is the number of unit time intervals. The variance is given by Equation (10)

o2 ==% Equation 10

Where T is the duration of the sample in years.

This test relies on the statistical property of the Poisson distribution that highlights
time intervals during which the recorded earthquake occurrence rate does not change.
The test (Figure 21) evaluates the stability of the mean rate of occurrences (y) of
events which fall in a predefined magnitude range in a series of time windows (T). If
the rate of occurrence y is constant, then the standard deviation of the rate (g, varies
as I/NT and y is not stable if g,deviates from the straight line of the 1NT slope. The
length of the time interval for which the standard deviation does not vary from the
straight line is the completeness time interval for that particular magnitude class. In
general, the standard deviation shows the smaller earthquakes are stable for shorter
windows and the large magnitude earthquakes are stable for longer time windows.
However, it is true only if the time window is significantly larger than the return

period of events. In the figure it breaks for Mw>8.
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Figure 21: An example of completeness test. The blue dots represent data (A) and the straight lines
represent 1/\'T (NDMA, 2010).

3.2.1.5. Magnitude of completeness

An earthquake catalogue contains earthquakes, which have magnitudes of all possible
ranges. The small earthquakes are not reported completely in comparison to the large
ones because the distribution of seismic stations was limited in the early days. In
probabilistic seismic hazard analysis, a minimum magnitude, called magnitude of
completeness (M) is important and, therefore, should be estimated. The catalogue is
considered complete for earthquakes having magnitude equal to or larger than Mc and

can be used in probabilistic seismic hazard assessment.

The M. of the catalogue is estimated using assumption of self-similarity (Wiemer &
Wyss, 2000). This method provides a fast and reliable estimate of the Mc defining the
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point of maximum curvature in non-cumulative frequency-magnitude distribution
graph. A plot of cumulative and non-cumulative number of earthquakes is plot (e. g.
Figure 22) against respective magnitude class to identify the magnitude of
completeness (Mc). The magnitude corresponding to peak on the non-cumulative

curve in the plot is the magnitude of completeness (Mc).
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Figure 22: An example of determination of Mc. The curve with triangle corresponds to non-
cumulative number of earthquakes and the circle represent the cumulative number. The peak value of

the non-cumulative curve is considered to be Mc. (Modified from Romano et al., 2015)
3.2.1.6. Identification and characterization of seismogenic sources
(a) Identification of potential sources:

Probabilistic seismic hazard analysis requires identification and delineation of all
potential earthquake sources, which are close to the site of interest. Ground motion is
calculated using various characteristics (magnitude, distance and recurrence
parameters) of the sources and appropriate ground motion prediction model
(attenuation relation). Therefore, identification of potential earthquakes sources is

very important in any types of seismic hazard assessment. Earthquake sources are
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identified and delineated using local seismicity pattern, location of historical
earthquakes, seismotectonics, geodetic information and geological structures. The
potentially strong earthquake sources are geological faults (e. g. Figure 23: source 1
and source 3), which are planar surfaces. If faults are not easily identifiable (as in the
less seismically active regions of the eastern United States), then earthquake sources
are simply described by areal regions (e. g. Figure 23, source2), where earthquakes

may occur at any place (Baker, 2013).

Source 1 Source 3

| |\_—l Site O\\[[:LR_’
R
Source 2 L&"R

Figure 23: Possible earthquake source models (Modified from Baker, 2013).

(b) Maximum Potential Magnitude:

After identification and delineation of sources, the maximum potential magnitudes of
the identified sources are estimated. The maximum potential magnitudes of identified
sources are estimated using empirical relations, which are functions of area of
sources, length of faults and displacement on faults, or are adopted from the
magnitudes of known, historical destructive earthquakes. Empirical relations
(Equation 11 through Equation 15) established by Wells & Coppersmith (1994) were

used to estimate the maximum potential magnitudes...

M,=4.33+0.90 log A, (cM,, = 0.25) reverse fault Equation 11
M,, = 3.93+1.02 log A, (cM,, = 0.25) normal fault Equation 12
M,, =5.0 + 1.22 log L (cM,, = 0.28) reverse fault Equation 13
M,, =5.16 + 1.12 log L (cM,, = 0.28) strike slip fault Equation 14
M,y =4.86 + 1.32 log L (cM,, = 0.34) normal fault Equation 15
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In the above relations, M, is the maximum possible moment magnitude (Mw), A is
the area (in km?) of the source region, L is the length of the fault in km; oM, is the

standard deviation of moment magnitude from the median.
(c) Gutenberg-Richter Relation

Gutenberg & Richter (1944) were the first to study the distribution of earthquake
magnitudes, who noted that the number of earthquakes in a region, greater than a
given size, generally follows a particular distribution called Gutenberg-Richter

relation (Equation 16).
logd, =a—bx*m Equation 16

Where ‘A is the rate of earthquakes with magnitudes greater than ‘m’, and ‘a’ and

‘b’ are constants called ‘a-value’ and ‘b-value’ respectively.

Gutenberg—Richter relation is well known empirical relation in seismology which
describes the frequency of occurrence of earthquakes as a function of magnitude. In
the relation (Equation 16), the factor 'a’ (a-value) is the logarithm of the total number
of earthquakes with magnitude greater than or equal to ‘m’. It is a constant, which
depends on many parameters like size of the area, time interval, total number of
earthquakes and magnitudes of each earthquake and the value of “b” (Bora et al.,
2018). Mathematically speaking, a-value is the log number of earthquakes with
magnitude equal to 0 (Allen, 1986) and describes total activity of earthquakes in the
region. The a-value depends on the rate of seismicity and the length of observation

time.

The factor ‘b’ (b-value) describes the relative number of large and small earthquakes.
It is important because it is used to quantify seismic activity and seismic hazard. The
b-value is the slope of the curve (Figure 24) of cumulative number of earthquakes
versus magnitude. For active tectonic region its value is about 1 and for volcanic
region it is 2.5 (e. g. Throne & Terry, 1995) or higher. A small b-value means strong
earthquakes are frequent and vice versa. The b-value depends on tectonics, structural
heterogeneity and stress distribution in space (Schorlemmer et al., 2005; Khan &
Chakraborty, 2007; Mousavi, 2017a, 2017b). This relationship between earthquake

magnitude and frequency of occurrence is found remarkably consistent in worldwide
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data, although the values of a-value and b-value may vary from region to region or

over time. When b-value is 1.0, for a given frequency of magnitude 4.0 or larger

events there will be 10 times as many magnitude 3.0 or larger quakes and 100 times

as many magnitude 2.0.

Earthquakes with magnitude larger than or equal to the magnitude of completeness

(Mc) are used to derive the Gutenberg-Richter relation, because below Mc,

log A,,cannot behave linearly due to insufficient coverage (e.g. Wiemer & Wyss,

2000).

An example of the law is shown in Figure 24 below.

1

Am’ Rate of magnitudes > m

T 1 T
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m

Figure 24: An example of Gutenberg-Richter relation plot. The slope of the curve is the b’

the G-R relation.
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The common technique of estimating 'b* value is the least squares fit to the logarithm
of the data. This technique leads to an answer that is biased for small data sets and
apparent errors that are much smaller than the real ones. The maximum likelihood
method (Equation 17) of Aki (1965) is preferred over the least square method to
calculate ‘b’ value, but it requires large data sets. Aki (1965) indicate that a minimum
of 2000 earthquakes are required to calculate 'b* to within 0.05 at 98% confidence.
Significant problems for 'b' value calculation can be caused by choosing a smaller
magnitude of completeness (Mc).

b = logioe/(Mmean — Mimin) Equation 17

Where ‘b’ is b-value, Mnean IS the average magnitude in the catalogue and M, is the
minimum magnitude. Logice equals 0.434 and, therefore, the equation can be

rewritten as:

b = 0434/ (Mpean — Mpmin) Equation 18

The equation 16 can be rearranged as

A = 10072 = exp (o - B*m,). Equation 19

Where o = 2.303*a and 3 = 2.303*h.

Equation (19) shows that earthquake magnitudes are distributed exponentially. This
relation covers earthquakes of infinite ranges i. e. from infinitely small to infinitely
large. Very small earthquakes have importance in science but the effect is of little
interest in engineering field, therefore, small earthquakes are commonly ignored
because they cannot cause damage to structures. The lower threshold magnitude is set
to 4.0 or 5.0 in most PSHAs because earthquakes smaller than these seldom cause
damage (Kramer, 2007). If earthquakes with magnitude smaller than a lower
threshold are ignored, the mean annual rate of exceedance can be written (McGuire &
Arabasz, 1990) as:

Am = yel=Am=—moll 1y > m; Equation 20

Where v = ¢@Pm

The standard Gutenberg-Richter relation can predict non-zero mean rates of
exceedance for earthquakes of infinitely large size. But earthquakes of size larger than

Mw 10 have not been known so far. An earthquake source has its maximum potential

49



magnitude and if we know the maximum potential magnitude of the earthquakes
source, the mean annual exceedance rate can be estimated using Equation (21)
(McGuire & Arabasz, 1990).

el=B(m-m)] _p[-Almmax—my)]

Am = v o Armar—mD] m; < m < Mygy Equation 21

Equation (21) is the bounded or tapered recurrence law, which is graphically shown in
Figure 24 for constant mean annual exceedance rate of m; for different maxium
magnitudes. The annual exceedance rate decreases with the increase of maximum

magnitude.

(c) Magnitude Characterization:

All the earthquake sources have their own maximum potential magnitude.
Earthquakes smaller than magnitude 5 are not considered as strong ones to cause
damage, therefore, the probability of intermediate magnitudes above Mw 5 and below
the maximum magnitude are calculated (e. g. Figure 25).The cumulative density
function (CDF) and probability density function (PDF) for the Guttenberg - Richter
relation with upper and lower bounds can be expressed as:

1-exp[-B(m-my)]
1-exp[—B(Mmax—mg)

FM(m) = P[M <m\mg <m < My, = Equation 22

_ Bexp[-B(m-my)]
fm(m) = 1-exp[-B(Mmax—mo)

Equation 23

Where, Fy (m) and fy(m) are cumulative density function and probability density
function. B is earthquake recurrence parameter and equals to 2.303*b, m is magnitude
considered, mg is minimum magnitude and Mpyax IS maximum potential magnitude for

the given source.
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Figure 25: An example of probability density function of intermediate magnitude earthquakes.
(a) Spatial characterization:

Earthquakes are considered equally likely to occur at any location in any earthquake
source. The uncertainty in the location of earthquakes is required to be described by
appropriate distance parameter. The spatial uncertainty, generally, is described by a
probability density function (e. g. Kramer, 2007). To account for this uncertainty, the
source is divided into a number of blocks and distance is calculated from the centre of
each block to a particular place where seismic hazard is to be carried out. If the source
is divided into n*n blocks; there will be n? blocks. The calculated distances are
divided into equal distance intervals and source-to-site distances falling in each
interval is counted and probabilities P(R) is calculated. An example of the probability

of 30 distance classes is presented in Figure 26.
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Figure 26: An example of probability density function of distance (km) classes.
3.2.1.7. Calculation of ground motion

Earthquake source, its maximum potential magnitude and distance between the source
and site are required to calculate ground motion at a particular location. A ground
motion predicting relation (called attenuation relation) is used to estimate ground
motion using before-mentioned data. The relations are derived after regression
analysis of strong motion data recorded at a large number of sites from large set of
earthquakes having different distances, magnitudes, depths and mechanisms.
Attenuation relations are available for different types of tectonic environments e.g.
subduction, stable continental, active shallow crustal etc. An example of attenuation

relation is given in Figure 27.

The standard deviation of the predicted parameter like peak ground acceleration and
spectral acceleration are calculated in order to account for uncertainty related with
scatter of seismic data and randomness in rupture of seismic sources. From the
probability distribution of particular ground motion parameter, the probability that
this parameter Y exceeds a certain value, y*, for an earthquake of a given magnitude,
m, which occurs at a distance, r, is given by Equation 24 and graphically presented in

Figure 28:
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PLY>y*/m, 1] =1-Fy (y*) Equation 24

Where, Fy(y) is the value of the cumulative distribution function of Y at mand r. The
value of Fy(y) depends on the probability distribution used to represent Y. In general,
ground motion parameters are usually assumed to be log normally distributed (the
logarithm of the parameter is normally distributed); however, the unbounded
characteristics of that distribution can attribute to a nonzero probability to unrealistic

values of the ground motion parameters.

Predicted In (PGA (in g))

1< 1999 Chamoli mainshock of Mw 6.5

= 1967 Koyna mainshock of Mw 6.3

'6 1 T IIIIIII T T lllllll T Frrrrm
1 10 100 100
Hypocentral Distance (Km)

Figure 27: An example of Attenuation curves (modified from Mandal et al., 2009).

—— PIY>y|m,x]

M=m

r log R

Figure 28: An example of conditional probability of exceeding a particular value of a ground motion

parameter for a given magnitude and distance.
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3.2.1.8. Uncertainties in PSHA

Probabilistic Seismic Hazard Analysis (PSHA) is a method that deals with
uncertainty. While there is considerable information on earthquake ground motions
and potential future locations of earthquakes, there is also considerable uncertainty in
the inputs to the analysis. Therefore, it is important to identify and address these
uncertainties in PSHA. Probabilistic Seismic Hazard Analysis (PSHA) aims to
quantify these uncertainties, and combine them to produce an explicit description of
the distribution of future shaking that may occur at a site (Baker, 2008). The
uncertainties can be grouped into epistemic and aleatory uncertainties.

(a) Aleatory uncertainty

Aleatory uncertainty arises from the randomness of the phenomenon and cannot be
reduced even we have large additional data or information. Aleatory uncertainties are
objective, which can be quantified but cannot be modified with the addition of
additional data (Ordaz & Arroyo, 2016):

The followings are the examples of aleatory uncertainties:

e Recurrence relations: The Poisson model assumes that even though we know
accurately the recurrence relation we cannot predict where or when the next
earthquake will occur or what size it will be.

e Standard deviation of the attenuation relation: No matter how accurately we
know the magnitude and distance of a postulated earthquake source, there still
will be some uncertainty in predicting the ground motion, which is reflected in
the standard deviation.

(b) Epistemic uncertainty

Epistemic uncertainty arises from the lack of knowledge about model and parameter.
This type of uncertainty can be reduced using additional data or improved
information. In the past it was called statistical or professional uncertainty (McGuire,
2004).Epistemic uncertainty depends on the available information and can be reduced
by additional data and therefore varies with time. It is generally subjective, which
involves a degree-of-belief in interpretation and probability theory may not apply in

this case.
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The following are some examples of epistemic uncertainty (Ordaz & Arroyo, 2016):

e What and where are the seismogenic sources?
e Are the sources seismically active at present?
e What are the potential magnitudes of the potential earthquake sources?

e Which attenuation relation best applies to the region of interest?
3.2.1.9. Logic Tree

The probability computation allows us systematic consideration of uncertainties in the
values of the parameters in any seismic hazard model (Kramer, 2007). Logic trees are
important (Power et al., 1981; Kulkarni et al., 1984; and Coppersmith & Youngs,
1986) in PSHA, which are used to incorporate uncertainties providing a convenient

framework for the explicit treatment of model uncertainty (Kramer, 2007).

A reliable and trustworthy probabilistic seismic hazard analysis (PSHA) accounts for
the intrinsic variability of the system (aleatory variability) and the limited knowledge
of the system itself (epistemic uncertainty). This approach uses alternative models,
each of which is assigned a weighting factor, which is interpreted as the relative
likelihood of that model being correct. A logic tree consists of a number of nodes,
which represent points at which models are specified and the branches represent
different models specified at each node. The sum of the probabilities of all branches,
which are connected to a given node equals 1. The logic tree (Figure 29) allows
incorporation of uncertainty in selection of models for attenuation, magnitude
distribution and maximum potential magnitude to be considered in the calculations
(Kramer, 2007).
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Attenuation Magnitude Maximum

model distribution magnitude
72 (0.3)
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(0.4) N 8 (0.1)

Figure 29: An example of logic tree (Redrawn from Kramer, 2007). It provides a framework in which

the uncertainty is treated assigning certain weight.
3.2.1.10. Probability computation

It is the final step in probabilistic seismic hazard analysis. It calculates the total
probability of exceedance of specified level of peak ground acceleration. The
uncertainties in earthquake size, location and ground motion prediction are combined
to obtain the total probability. In general, the magnitude is divided in to ‘" number of
intervals for ‘i’ number of sources and source to site distance is divided into ‘k’
number of intervals. An attenuation relationship is used to calculate peak ground
acceleration in each interval of magnitude and distance. The combined probability of
particular ground motion parameter is expressed as mean annual rate of exceedance to

that value of ground motion parameter, which is expressed as:
Ny = S ENE IR vipl v > y7)/my il A (my) FRy (i) Am Ar Equation 25

where, Ay* is the annual rate of exceedance of peak ground acceleration y* occurring
at source from 1 to number Ns in between magnitudes of total Ny, number at source to
site distances of ranges from 1 to Nr number. v; is the annual rate of exceedance of
minimum threshold earthquake (M=4) at source i derived using G-R recurrence
relationship as represented by Equation (16) in which A (m=4) = v, and P[Y>y*/m;, 1]

is the probability of exceedance of specified peak ground acceleration Y to the value
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y* obtained using attenuation relationship for given magnitude m and distance r at
each of interval of one to j number and k number respectively. Probability of
exceedance of acceleration is calculated using normal distribution function as given
by Equation 25. fyy(m) is the function of magnitude probability as given by truncated
G-R relationship with upper and lower bound as expressed in Equations (22 and 23).

An example of seismic hazard curve (annual probability of exceedance versus PGA)

is given in Figure 30.
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Figure 30: An example of seismic hazard curve. It provides mean annual exceedance rate of PGA for a

particular site (Source: Kramer, 2007).
3.2.1.11. Seismic hazard map

To prepare seismic hazard maps, the area of interest is divided into a number of
blocks. PGA is calculated for different exceedance rates at each node of the study

area. . Finally, the values at the nodes are contoured to produce seismic hazard maps.
3.2.2. Seismic ground response investigation

3.2.2.1. Strong ground motion data recording

Strong motion (acceleration) data recorded on ground is required in this investigation.

The records should be free from effects of structures, therefore, should not be from

any instrument installed in structures.
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3.2.2.2.Determination of PGA in the records

The time series data of strong motion (acceleration) records is baseline corrected and
filtered to remove undesirable frequencies. After filtering, the PGA is estimated from

the plot of time series data (Figure 31(a)).
3.2.2.3. Fourier transformation

The time series data (Figure 31(a) which come in time-domain are transformed into
frequency-domain using Fourier Transformation. The Fourier spectrum (Figure 31(b))

of Fourier amplitude vs. frequency (or period) shows the fundamental period at the
site.
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Figure 31:(a) An example of time series (acceleration) data of an earthquake recorded at a site. The
PGA is the largest absolute acceleration value on the y-axis. (b) Fourier amplitude spectra of the time
series data (a) (source Bohhano et al., 2017).

3.2.2.4. Amplification factor (ratio) calculation

Amplification of ground motion is estimated using strong motion records in frequency
domain. Amplification factor is expressed as a ratio of Fourier spectrum (Figure 32) at
soil site to that at reference (rock) site.
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Figure 32: An example of amplification ratio determination. The curve represents ratio of Fourier

spectra at soil site to a reference (rock) site.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Data Processing

After collection and compilation of earthquake catalogues collected from different
sources (ISC, USGS, IRIS, DMG and published literatures) the catalogue was
checked for duplicate events. Duplicate events were removed from the catalogue in

order to make catalogue of standard events, which do not have repetition of data in it.
4.2 Magnitude conversion

The merged catalogue had magnitudes presented in terms of moment magnitude
(Mw), body wave magnitude (Mb), surface wave magnitude (Ms) and local
magnitude (ML). Moment magnitude (Mw) is generally considered the best compared
to other magnitudes because it does not saturate even at large earthquakes (Kanamori,
1977; Kanamori & Hanks, 1979). The other types of magnitudes (Mb, Ms and ML)
reported in the catalogue were converted into Mw using empirical relations derived by
Scrodilis (2006) and a catalogue of magnitude-homogenized earthquakes was
prepared. Figure 33 presents the number of earthquakes, after magnitude conversion,
in different time intervals. Equations 1, 2, 3, 4 and 5, in Section (83), were used to
convert magnitudes into moment magnitude (Mw). The number of earthquakes
increased from 289 to 1000 in 2000 and reached to 1623 in 2017 because of the
addition of new networks as well as expansion of existing seismic networks that

resulted in the reduction of threshold magnitude of the networks.

The number of earthquakes in different magnitude classes is presented in Figure 34.
The number of small earthquakes is naturally larger than that of the strong
earthquakes. Earthquake of Mw 4-4.9 are 4323, Mw 5-5.9 are 365, Mw 6-6.9 are 73,
Mw 7-7.9 are 33 and Mw>8 are only 6.
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Figure 33: Distribution of earthquakes with magnitude (Mw > 4) in different time intervals after

magnitude conversion.
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Figure 34: Number of earthquakes in different magnitude classes after magnitude conversion.
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4.3 Declustering

The earthquakes contained in the magnitude-homogenized catalogue are graphically
presented in Figure 35. The clusters of earthquakes in the figure are mostly
aftershocks, which are dependent events. The cluster in the central region of Nepal

represents the aftershocks of the 2015 Gorkha Earthquake.
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Figure 35: Epicenter distribution of earthquakes in the prepared catalogue. The clusters noticed in the
figure are dependent earthquakes. The dense clustering in central Nepal compared to other parts is due
to the aftershocks of the 2015 Gorkha Earthquake.

The magnitude-homogenized earthquake catalogue was declustered to identify and
remove dependent earthquakes. A FORTRAN program “Cluster 2000” (Equation 6, 7
and 8, 83.2.1.2), was used to decluster the catalogue, which uses ’cluster’ technique of
Reasenberg, 1985. The program is freely available on

https://www.usgs.gov/software/cluster2000.

The distribution of earthquakes, contained in the declustered catalogue, is graphically
presented in Figure 36. The dense clusters of earthquakes, which contain dependent
earthquakes, present in the earthquake catalogue (Figure 35) disappeared after
declustering. An evidence of declustering is shown in Figure 37. The figure shows the
cumulative number of earthquakes since 1970 before declustering (green dotted line)
and after declustering (blue dotted line). The green line shows sudden rise in the
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https://www.usgs.gov/software/cluster2000

number of earthquakes at 1999, 2008 and 2015. The increase in number in 2015
belongs to the aftershocks of the 2015 Gorkha Earthquake (Mw 7.8).
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Figure 36: Epicenter distribution of independent events after declustering (free of dependent events)
of the catalogue. Note that the clusters (aftershocks) of earthquakes, which appear in Figure 35

disappear, after declustering.
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Figure 37: Cumulative number of earthquakes before and after declustering. The curves show the
removal of dependent events in 1999, 2008 and 2015, which belong to the aftershocks of 1999 Chamoli
Earthquake, 2008 Earthquake and 2015 Gorkha Earthquake in their order.
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The magnitude-homogenized earthquake catalogue had 4800 earthquakes (Mw>4)
before the declustering process was applied. After declustering, the number of
earthquakes in the catalogue dropped to 2590, whereas 2210 earthquakes were
identified as dependent earthquakes (foreshock and aftershock) and removed from the
catalogue (Figure 38).
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Figure 38: Number of earthquakes before and after applying declustering technique.
4.4. Completeness test

The magnitude-homogenized and declustered catalogue consists of earthquakes of a
range of magnitudes, available for different length of time (Figures 39(a) and 39(b)).
Both the figures show that small earthquakes (Mw ~4.0) appear in the catalogue very
lately (around 1960 AD) in comparison to the large earthquakes (around 1255 AD).
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Figure 39: Earthquake magnitude in the catalogue and their reported time. (a) Earthquake data since
1100AD. (b) Earthquake data since 1900 AD.

64



The complete time interval of each magnitude class was visually determined from the
T (time) versus o (Standard deviation of mean of the annual number of earthquakes)
plot as shown in Figure 40. In order to estimate the completeness levels of different
magnitude classes, the catalog was split into 8 time windows of 100-year length
between 1100 (first data entry in the catalogue) and 1900 AD and 11 time windows of
10-year length after 1900 AD. The results of completeness of different magnitude
classes for South Tibet and the Himalaya are given in Table 4. The Table 4shows that
Mw 4.0 earthquakes are completely reported since last 15 years, Mw 4.5 are reported
since last 35 years, Mw 5.0 since last 55 years and so on for both Himalaya and South
Tibet.
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Figure 40: Completeness test of homogenized composite catalogue following Stepp (1972) technique.
The small earthquakes are complete for short time whereas the large ones are complete gradually for

large time-lengths. The green dots represent 1/\T slope.
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Table 4: Completeness of different magnitude classes for South Tibet and the Himalaya.

Complete Year

Mw
Himalaya South Tibet
4 15 15
45 35 35
5 55 45
55 75 75
6 100 100
6.5 200 200
7 300 300
7.5 400
>8 900

4.4. Magnitude of completeness

Magnitude of completeness (Mc) was estimated, visually, using assumption of self-

similarity (Wiemer & Wyss, 2000) from the plot (Figure 41) of cumulative and non-

cumulative number of earthquakes of different magnitude classes. In the figure, the

non-cumulative curve has a peak at Mw 4.3, which is the Mc of the catalogue.
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Figure 41: Cumulative and non-cumulative frequency of earthquakes in the declustered catalogue. Mw

4.3 has the highest frequency in the catalogue, which is the magnitude of completeness (Mc).
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4.5. Earthquake recurrence (Gutenberg-Richter) relation for the region

In the Nepal Himalaya, the earthquakes in the south of 3500 m elevation contour line,
in majority, are found to occur on account of thrusting, whereas those in the north and
above 3500 m contour line occur because mostly of normal faulting (Rajaure et al.,
2013). To estimate the recurrence parameters of earthquakes, the prepared composite
catalogue was split into two sub-regions (Figure 42) following the mechanism of
deformation in the region. The recurrence parameters (seismic parameters: a- and b-
values were estimated using Least Square (LS) (Equation 16) and Maximum
Likelihood (ML) method (Aki, 1965) (Equation 18) independently. The b-value
estimated using LS and ML methods agree well. The Gutenberg-Richter equations
using LS method are presented graphically in Figure 43 and Figure 44 for Himalaya
and South Tibet, respectively. These figures implicate that large earthquakes are more
frequent in the Himalaya than in South Tibet. The b-value for the Himalayan region is
~0.95 and South Tibet region is ~1.1, which are very much close to the b-value (~1)
observed worldwide for converging zones (e.g. Kramer, 2007).
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Figure 42: Cumulative and non-cumulative number of earthquakes in South Tibet and the Himalayan

region.
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Figure 43: Gutenberg-Richter relation for earthquakes in the Himalaya. The dashed straight line

represents the best-fit to data. The b-value for the Himalayan region is about 0.95.
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Figure 44: Gutenberg-Richter relation for earthquakes in South Tibet. The dashed straight line
represents the best-fit to data. The b-value for the South-Tibet region is about 1.1.
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The DMG earthquake data is available since 1995, which contain earthquake data as
low as 2.0 M_ in Nepal. The DMG catalogue reports earthquake size in Local
Magnitude (M_). The magnitude was converted into Mw using Equation (5) (Ader et
al., 2012). The earthquake recurrence parameters are estimated for earthquakes in the

Nepali territory only because the detection threshold decreases outward from Nepal.

The earthquake recurrence parameters estimated applying LS method to the DMG
catalogue is presented in Figure 45. The figure depicts that the b-value (~1.0) agrees

well with the worldwide observed b-value for such regions (e. g. Kramer, 2007).
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Figure 45: Gutenberg-Richter relation curve for Nepal using DMG catalogue. The b-value is about 1.0

for the Nepal Himalaya.

4.6. Seismic hazard analysis
4.6.1. Seismic source zones

The Main Himalayan Thrust (MHT) is the major source of seismic hazard in Nepal.
There are two schools of thoughts regarding the size of rupture of the MHT. One

considers earthquakes of maximum magnitude up to 9.0 may occur, similar to the
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2004 Indonesia Earthquake (e. g. Bilham &Wallace, 2005; Kumar et al., 2010; Ader
et al., 2012; Stevens and Avouac, 2016; Stevens & Avouac, 2017) and the other
considers the maximum potential magnitude, possibly, do not exceed Mw 8.5 and the
results of paleoseismic investigations are exaggerated (e. g. Valdiya, 1976; Gahalaut
and Arora (2014), Gahalaut & Kundu, 2011; Dasgupta et al., 2012; Srivastava et al.,
2013; Mugneier et al., 2016; Hubbard et al., 2016). In this study, the second school of

thought was considered in seismic source delineation.

Potential earthquake sources were identified and delineated after the analysis of the
prepared comprehensive earthquake catalogue, impact of 2015 Gorkha Earthquake,
lateral variation in seismicity pattern (Appendix 4) and geological structures
(Appendix 8). Similarly, presence of subsurface ridges in north India, tectonics of the
region (Appendix 9), and segments proposed by Bilham (2019) (Appendix10) also

were considered in the identification and delineation earthquake sources.

There are several linear sources (faults) in the Nepal Himalaya. However, many of
them have not been found to be associated with current seismicity (e.g. Pandey et al.,
1999; Rajaure et al., 2013) and, therefore, have not been considered in this study.
Altogether nine sets of source models (Appendix 11) were identified and delineated.
The sources, which are segments of the MHT, are three-dimensional faults. These
sources emerge to the surface along the MHT (Depth = 0 km) and deep to a depth of
about 20 km in the north (Figure 46). The depth in the north was adopted from the
average depth of earthquakes occurring on the seismicity belt (Pandey et al., 1999,
Torre et al. 2007, Sheehan A. F. 2008 and Rajaure et al. 2013).

MFT (0 km) Seismicity belt

: .
M 4

Figure 46: Geometry of earthquake sources along the Himalaya. The sources are three dimensional

area planar sources, which are segments of the MHT.
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The depth of sources in South Tibet, which have normal faulting mechanism, have a
fixed depth of 10 km. This depth has been adopted from the depth of fault plane
solutions of earthquakes in the region (e. g. Torre et al., 2007; Sheehan A. F. 2008
and Rajaure et al. 2013).Similarly, the depth of earthquakes in the north-east of
Nepal, in South Tibet, have been given a fixed depth of 50 km because the depth of
foci of earthquakes in this region are greater than 50 km (e. g. Torre et al., 2007;
Sheehan et al., 2008; Rajaure et al., 2013). Similarly, the depth of sources in Northern
India (in the south of Nepal) is not known well; therefore, the depth was fixed to 35
km that corresponds to the depth of Mohorovicic Discontinuity in continental regions
(e. g. Rai et al., 2006, Sheehan et al., 2008; Nabelek et al., 2009).

An example of source delineation (Model 9) based on seismicity is presented in

Figure 47.The polygons in Figure 47 are the identified potential earthquake sources in
Model 9.
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Figure 47: An example of identification and delineation of seismogenic sources (polygons) in and
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around Nepal based on seismicity pattern (Appendix 11-9).

A test was carried out to check the influence of depth in seismic hazard, keeping

source model, attenuation relation and earthquake recurrence parameter same. The
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variation in seismic hazard with the variation of depth of the sources along the
Himalaya (segments of MHT) are presented in Appendix 12. The geometry of the

MHT has been found to have small influence on the seismic hazard.
4.6.2. Maximum potential magnitude

The maximum potential magnitudes of earthquake sources along the Himalaya (i.e.
MHT) were calculated using empirical relations derived by Wells and Coppersmith
(1994). The relations were derived using rupture area, rupture length and
displacement and their respective observed magnitudes. The maximum potential
magnitude of earthquake sources in South Tibet and north India were fixed because
we don't have the history of very large earthquakes in those areas. The summary of
the magnitude characterization for different source models is given in Table 5. Details

of the magnitude characterization are given in Appendix 13.

Table 5: Summary of magnitude characterization in the study area.

Source model No. of sources Min. magnitude Max. magnitude
1 7 8.0 8.2
2 7 7.5 7.9
3 7 7.5 7.8
4 22 7.5 8.4
5 23 7.5 8.5
6 25 7.5 8.3
7 17 7.5 8.4
8 19 7.5 8.4
9 26 7.5 8.4

Maximum potential magnitude is an important factor in seismic hazard assessment,
because overestimation or underestimation might lead to overestimation or
underestimation of the results. A test was carried out to check how the seismic hazard
varies with different maximum potential magnitudes of sources (Keeping source
model (Appendix 11-1), attenuation relation and earthquake recurrence parameters

same), the results are presented in Appendix 14 and Table 6.

Table 6: Variation in PGA with variation in maximum potential magnitude (MWay)

MW, PGA (9)
6.5 0.35
7 0.4
7.5 0.45
8 0.5
8.5 0.55
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4.6.3. Earthquake recurrence parameters of identified sources

Earthquake recurrence parameters of the identified sources were estimated from the
prepared catalogue. The b-values were adopted from Figure 43 and Figure 44, which
were estimated for the Himalaya and South Tibet respectively, because some of the
sources have insufficient data to derive recurrence parameters independently. The a-
values of the identified earthquake sources were recalculated from the data of each
source zone using Equation 26 using the ‘b-value’ from Figure 43 and Figure 44. The
earthquake recurrence parameters of the source models are presented in Appendix 15.

N
a =log <?) +b*Mc Equation 26

Where 'a' is the a-value, 'N' is the number of earthquake, 'T' is the time of record in
years, 'b' is b-value, and Mc is the magnitude of completeness.

Precise earthquake recurrence parameters are very important in seismic hazard
calculation because a small error may result in seismic hazard by manifold. A test was
carried out to check the influence of b-value on seismic hazard keeping other
parameters same. Different b-values ranging from 0.7 to 1.2 were applied to a
common source model and common attenuation relation. The variation in seismic
hazard with the variation in b-value is presented in Appendix 16. The largest PGA
varies from 0.75 g to 0.25 g respectively for the b-values from 0.7 to 1.2 (Table7).

Table 7: A comparison of largest PGA (10% probability of exceedance in 50 years) in Nepal and

Kathmandu valley estimated from different b-values ranging from 0.7 to 1.2. The a-values were
recalculated using fixed b-values and the earthquake catalogue. .

b-value Largest PGA (g)
Nepal KTM Valley
0.7 0.75 0.6
0.8 0.6 0.5
0.9 0.5 0.45
1 0.4 0.35
1.1 0.35 0.3
1.2 0.3 0.25

4.7. Assessment of seismic hazard

Seismic hazard was analyzed comparatively using different datasets, different
attenuation relations and different source models. Three datasets, two types of

attenuation relations each comprising four attenuation relation for tectonically
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different regions and nine source models were used in this assessment, which are

described in the following sections.

4.7.1. Different datasets

Different datasets were used to investigate their influence on PGA. Three datasets,
which contain earthquakes (i) since 1900 AD (2) since 1100 AD and (3) since
1964AD were, separately, utilized to estimate earthquake recurrence parameters. The
first set0, contains instrumentally recorded earthquakes only; the second one contains
instrumentally recorded as well as historically reported earthquakes; whereas the third
set contains earthquakes since 1964. The third set was used because the detection
threshold of earthquakes decreased to magnitude 4 on account of expansion of
existing networks and establishment of numerous networks globally. The variation in
PGA was studied using a common source model (Appendix 11-1), a common
attenuation relation (Atkinson, Silva & Kamai, 2014) and common earthquake
recurrence parameters (a- and b-values) derived from above mentioned three sets of
data. The variation in PGA are graphically presented in Appendix (17) and
summarized in Table 8. The result (Table 8) depicts the influence of the datasets on
the result. The dataset containing earthquakes since 1900 results in smaller PGA in

comparison to the other two.

Table 8: Maximum PGA (10% probability of exceedance in 50 years) in Nepal and Kathmandu Valley
calculated using different catalogues. A common attenuation relation (Atkinson, Silva & Kamai, 2014),
a common source model (Model-1, Appendix 11-1) and different a- and b-values were used for this

comparative study.

Largest PGA (g)
Earthquake catalogue
Since 1900 Since 1100 Since 1964
) fixed b-
Region fixed b-value fixed b-value | value (0.95)
(0.95) and (0.95) and and
calculated a- recalculated a- Calculated a- and | recalculated a- | recalculated
and b-value value b-value value a-value
Nepal 0.35 0.5 0.45 0.45 0.55
KTM 0.3 0.3 0.45 0.4 0.4
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4.7.2. Different attenuation relations

For calculation of ground motion (PGA), two types of attenuation relations, one for
subduction zone (Appendix 18-1) and the other for active-shallow-crustal (reverse)
earthquakes (Appendix 18-2) were used. The seismic hazard maps prepared using
different attenuation relations are presented in Appendix 19 and Table 9 for a
comparison. Atkinson & Boore (2003) relation produces unrealistically very small
PGA in comparison to others, therefore, it is not considered in further calculations. On
the other hand, the Youngs et al. (1997) attenuation model produces the largest PGA
(0.75 g).

Table 9: Maximum PGA (10% probability of exceedance in 50 years) in Nepal and Kathmandu Valley
calculated using different attenuation relations. The Atkinson & Boore (2003) relation produces
extremely low PGA, whereas the Youngs et al. (1997) relation produces the largest PGA. In
comparison to the relations for subduction zones, the relations for active-shallow-crustal earthquakes
give consistent PGAs.

Attenuation Relation PGA (9)

Maximum KTM Valley Tectonic region
Zhao et al. (2006) 0.55 0.35
Youngs et al. (1997) 0.85 0.6 £
BcHydro (2016) 0.45 0.25 %‘
Atkinson and Boore (2003) 0.18 0.14 g
Arroyo and Singh (2017) 0.28 0.2 U%)
Abrahamson, Silva and Kamai (2014) 0.55 0.4 E,
Boore et al. (2014) 0.55 0.4 E(,‘j ‘_g‘i
Chiou and Youngs (2014) 0.55 0.35 2O
Campbell and Bozorgnia (2014) 0.55 0.35 <

4.7.3. Different source models

Nine source models (Appendix 11-1 to Appendix 11-9) were used to calculate seismic
hazard keeping earthquake recurrence parameters and attenuation relation same as in
previous tests. . The source models consider three types of ruptures scenario of the
MHT. The first type considers entire north-south rupture of MHT, from the boundary
between locked part in south (up to the surface exposure of MFT) and the boundary
between currently locked part of MHT and aseismically creeping part in the north.
This type of rupture (e. g. Appendix 11-1) was considered following the reports of
entire N-S rupture (e.g. 1100 (Yule et al., 2005), 1255 (Sapkota et al., 2013), 1505
(Yule et al., 2006) and 1934 (Sapkota et al., 2013)). In the second type of s, the
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northern half (rupture) of the MHT was considered. Such rupture is represented, for
example, by Model 2 (Appendix 11-2), which was considered following the rupture of
the 2015 Gorkha Earthquake (Mw 7.8) and possibly the 1833 earthquake (Mw 7.6)
also ruptured the northern part of MHT. The third type of rupture considers the
southern part of the MHT that did not rupture during the 2015 Gorkha Earthquake
(Appendix 11-3). Results from these three source models are graphically presented in
Appendix 20-1, Appendix 20-2 and Appendix 20-3 respectively and in Table 10.
Model 1, 2 and 3 (Appendix 11-1, 11-2 and 11-3) were used for a comparative study
only, which were not considered in the final calculations as they do not consider other

earthquake sources in the adjoining region.

The seismic hazard maps prepared from above mentioned nine source models are
presented in Appendix 20 for a comparison.
Table 10: A comparison of PGA (10% probability of exceedance in 50 years) in Nepal and the

Kathmandu Valley, calculated using different source models.. The comparison shows approximately

comparable result except for Model 3, which is the southern half rupture scenario of the MHT.

Source Model PGA (g)
Nepal KTM Valley Source region

Model-1 0.55 0.4 S
= >

Model-2 0.5 0.4 £5

Model-3 0.7 0.25 T

Model-4 0.55 0.4 2]

Model-5 0.4 0.4 S

Model-6 0.55 0.4 8 E

Model-7 0.45 0.35 =8
X7

Model-8 0.5 0.3 E

Model-9 0.55 0.45 -

4.8. Seismic hazard map

Seismic hazard maps have been prepared for five different return periods
(approximately 500 year, 1000 year, 2500 year, 5000 year and 10000 year). The
seismic hazard maps have been prepared using a logic tree (Figure 48). The logic tree
was applied to incorporate uncertainties in earthquake source model, maximum
potential magnitude, attenuation relations and ruptures of MHT. Six source models
(Appendix 11-4 to Appendix 11-9), two types of attenuation relations (Appendix 18-1
and Appendix 18-2) and three types of rupture scenarios of the MHT (Appendix 11-1,
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Appendix 11-2 and Appendix 11-3) were utilized to produce seismic hazard maps.
The subduction type attenuation relations (Appendix 18-1) were applied to earthquake
sources which fall in the MHT and its adjoining region in the south. The second type
of attenuation relations (Appendix 18-2) were applied to sources in South Tibet.

Figure 49 is an example of seismic hazard map prepared by R-CRISIS software. The
map corresponds to 10% probability of exceedance in 50 years (approximately 500
year return period). The data calculated by R-CRISIS (latitude, longitude and PGA in
three columns), at every 20 km, spacing was used to produce Figure 50 utilizing
ArcGIS.

Sources in MHT and its south
/ Young’s et al. 1997 (0.25) Zhao et al. 2006  (0.25)

Entire N-S rupture of MHT (0.3)

Be-Hydro (201 (0.25) Arroyo and Singh (2017) (0.25)
Model 4 North-half rupture of MHT (0.6) s - - —»
Sources in South Tibet

South-half rupture of MHT (0.1) ASK (2014)  (025) Chiou and Youngs (2014) (0.25)
BSSA (2014) (0.25) Campbell and Bozorgnia (2014) (0.25)

Entire N-S rupture of MHT (0.3)
Model 5 North-half rupture of MHT (0.6) femmommmeeeeeeee.
South-half rupture of MHT (0.1)

Entire N-S rupture of MHT (0.3)

Model 6 [-| North-half rupture of MHT (0.6) f-reecommeoomeeaeeeeeee e .,_,

South-half rupture of MHT (0.1)

- > | Final PSHA Map
Entire N-S rupture of MHT (0.3)
Model 7 North-half rupture of MHT (0.6) [-==-s-mmesmommmmmmmmeaeee e _.

South-half rupture of MHT (0.1)

Entire N-S rupture of MHT (0.3)

Model 8 North-half rupture of MHT (0.6) [=-----============== e _.

South-half rupture of MHT (0.1)

Entire N-S rupture of MHT (0.3)

Model 9 || North-half rupture of MHT (0.6) freremrmmmmemmmmmmemmemes -.

South-half rupture of MHT (0.1)

Figure 48: Logic Tree used to prepare final seismic hazard maps.

The peak ground acceleration (PGA) in major towns of different parts of Nepal are

presented in Table 11.
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Figure 49: Seismic hazard map (10% probability of exceedance in 50 years) prepared utilizing R-

Crisis. The maximum PGA is about 0.45 g in Far-west Nepal.
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Figure 50: Seismic hazard map of Nepal for 500 year return period (10% probability of exceedance in 50 years) for an engineering rock site condition. The largest PGA

(0.45 g) is estimated in the far-west Nepal.
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Table 11: PGA estimated for major cities of Nepal. The PGA values correspond to 10% probability of

exceedance in 50 years for engineering rock site condition.

Place Latitude (°E) Latitude (°N) PGA (g)
Baglung 83.600 28.266 0.370
Bajhang 81.199 29.550 0.470
Bhairahawa 83.450 27.500 0.230
Biratnagar 87.283 26.467 0.150
Birgunj 84.867 27.017 0.160
Chaurjhari 82.193 28.626 0.420
Dadheldhura 80.567 29.300 0.400
Darchula 80.764 29.872 0.466
Dhankuta 87.340 26.970 0.300
Dipayal 80.930 29.243 0.448
Dunai 82.900 28.933 0.280
Gorkha 84.629 28.000 0.410
Hilsa 81.334 30.151 0.290
llam 87.910 26.910 0.330
Janakpur 85.917 26.733 0.160
Jiri 86.229 27.628 0.400
Jomsom 83.730 28.783 0.240
Jumla 82.193 29.274 0.320
Kathmandu 85.317 27.700 0.410
Mahendranagar 80.300 28.967 0.240
Mugu 82.085 29.502 0.330
Nepalgunj 81.617 28.067 0.200
Palpa 83.550 27.866 0.350
Pokhara 83.983 28.217 0.370
Pyuthan 82.853 28.101 0.400
Salyan 82.161 28.375 0.380
Simikot 81.819 29.968 0.270
Surkhet 81.600 28.600 0.360
Taplejung 87.650 27.370 0.410
Tumlingtar 87.193 27.314 0.370

Seismic hazard map corresponding to 10% probability of exceedance in 50 years (500
year return period) is commonly used in building codes. The In addition to the seismic
hazard map for a 500 year return period, four additional seismic hazard maps are
prepared for 1000 year (Figure 51), 2500 year (Figure 52), 5000 year (Figure 53) and
10000 year (Figure 54) return period.
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Figure 51: Seismic hazard map of Nepal for 1000 year return period (5% probability of exceedance in 50 years) for an engineering rock site condition. The largest PGA (0.6

g) is estimated in the far-west Nepal.
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Figure 52: Seismic hazard map of Nepal for 2500 year return period (2% probability of exceedance in 50 years) for an engineering rock site condition. The largest PGA (0.9

g) is estimated in the far-west Nepal.
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Figure 53: Seismic hazard map of Nepal for 5000 year return period (1% probability of exceedance in 50 years) for an engineering rock site condition. The largest PGA (1.1

g) is estimated in the far-west Nepal.
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Figure 54: Seismic hazard map of Nepal for 10000 year return period (1 % probability of exceedance in 100 years) for an engineering rock site condition. The largest PGA

(1.4 g) is estimated in the far-west Nepal.
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4.9. Ground response of the Kathmandu valley sediments

The seismic hazard map presented in Figure 50 is for an engineering rock site, where
the shear wave velocity is about 760 m/s or larger. Earthquake ground motions are
influenced by local geology and topography. Topographic effect is beyond the scope
of this research and an attempt has been made to investigate the response of local
geology to seismic ground motion. The required data for ground response analysis is

available in Kathmandu valley only.

The response of the Kathmandu Valley sediments to recently recorded earthquakes in
the valley is described in the following sections.

4.9.1. 2013 August 30, south Tibet Earthquake

An Mb 4.9 earthquake occurred in South Tibet (Figure 55), which was felt in
Kathmandu and its adjoining region. The ground acceleration of the earthquake was
recorded by accelerometers at five sites KTP, TVU, PTN, THM and DMG (Figure
56), which was used in this study. Among the five sites, KTP is a rock site, installed

in Kirtipur, and the others are soil sites.

Analysis of the ground acceleration record reveals that that the EW component was
dominant across the valley except for at PTN. The other stations on sediments
recorded PGA much higher than at the rock site (Figure 57).

81°E 82°E 83°E 84°E 85°E 86°E 87°E 88°E
Ll T T T T T T

O Dipayal Tibet 2

o Birendranagar

30 August 2013 (Mb 4.9)

o Pokhara

© Kathmandu

India

Figure 55: Location of the 2013 August 30 South Tibet Earthquake (Mb 4.9).
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Figure 56: Location of the strong motion stations. KTP is a rock site and others are soil sites. The
maximum PGA was recorded at DMG. (KTP: Kirtipur (rock site); TVU: Tribhuvan University, Central

Department of Geology; PTN: Pulchowk Engineering Campus; THM: Sanothimi, University Grant
Commission; DMG: Department of Mines and Geology; KATNP: Kantipath).
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Figure 57: Peak ground acceleration (cm/sec?) recorded at five sites. DMG, which is a soil site, has

recorded the largest PGA.
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The site response functions were evaluated as the Fourier spectral ratios of the

horizontal components on soil relative to the corresponding component on rock

(Figure 58). The functions are remarkably similar in the low frequency range (<0.8

Hz) and reveal strong amplification that is possibly caused by basin effects. By

contrast, the high frequency site response shows strong variability across the soil sites,

which can be attributed to the underlying stratigraphy of the deeper and shallow soil

layers of the valley. The most pronounced differences manifest in the frequency range

> 2 Hz, which is consistent with the variability in PGA across the valley.
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Figure 58: Spectral ratio at four soil sites relative to a rock site (KTP) (Rajaure et al., 2014).

4.9.2. April 25, 2015 Gorkha earthquake sequence
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The Gorkha Earthquake occurred on 25" April of 2015. It rocked a large area in

Nepal as well as the adjoining region in India and China. The Gorkha Earthquake and

its three strong aftershocks (Mw >6.5) (Figure 59) were well recorded (Figure 60) by

accelerometers deployed in Kathmandu sedimentary basin (Figure 56).
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Figure 59: Location of four earthquakes, the strong motion records of which were utilized in this

study.

Strong motion (ground acceleration) data (Figure 60) of Gorkha Earthquake and its
three strong aftershocks (Figure 59; Table 12) were used to investigate response of the

site to seismic ground motion.

Table 12: List of Gorkha Earthquake and its strong aftershocks, which were used in this study.

Date Mw Latitude (°N) Longitude (°E)
25 April 2015 7.8 28.13 84.71
25 April 2015 6.6 28.16 84.84
26 April 2015 6.7 27.73 85.97
12 May 2015 7.3 27.80 86.12

The signals were high passed at 0.1 Hz using fourth order Butterworth filter. This
approach produces the maximized spectrum defined as the maximum amplitude of
shaking at a given frequency in the horizontal plane, eliminates the need to rotate the
component, and produces results similar to the standard averaging methods. Then,
soil-to-bedrock amplification ratios of the soil sites relative to the reference (rock site)

station for all four events are calculated.
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The records depict that, the PGAs were smaller (Table 13, Figure 61) than expected,

however the velocity were relatively large (Figure 62).

Figure 63 shows the Fourier spectrum of the data and it’s very clear that the high
frequencies (> 1.0 Hz) are strongly damped at all the sites. The predominant period of
the ground motion at soil sites varies between 3 and 5 s. The rock site (KTP) is
dominated by high frequency energy, whereas the soil sites are dominated by low
frequency energy (Figures 60 and Figure 63).
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Figure 60: Acceleration time history recorded at five sites. KTP is a rock site and other are soil sites.
E-W, N-S and V stand for east-west, north-south and vertical components. The maximum PGA is
recorded by KTP (E-W component) (Rajaure et al., 2017).

Peak ground acceleration is a high frequency characteristic of ground motion, which
IS an important parameter to rigid structures (small story structures). During the
Gorkha Earthquake, the high frequencies were damped and therefore majority of the
small story structures survived the ground shaking. On the other hand, the peak

ground velocity is a low frequency characteristic of ground motion and is an
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important parameter to the flexible structures (tall buildings). The damage to tall

buildings correlates well with the large peak ground velocity.

Table 13: Peak ground acceleration (cm/sec?), peak ground velocity (cm/sec) and peak ground
displacement of four earthquakes recorded at four sites. The largest PGA (254.7 cm/sec?) was recorded
during the Mw 7.8 earthquake at rock site (KTP).

Acceleration (cm/sec?) Velocity (cm/sec) Displacement (cm)
Earthquake
N-S E-W |V N-S E'W |V N-S E-wW \%
KTP | 153.8 | 254.7 | 127.2 | 33.39 | 29.74 | 3588 | 3564 | 255 31.9
TVU | 2099 | 2285 |138.6 | 1055 | 79.27 | 39.75 | 62.2 44.5 32
o
N~
o |PTN | 1505 | 1285 | 133.6 | 66 56.69 | 46.37 | 65.57 | 55.68 | 46
g
B
= |THM | 150.1 | 133.8 | 183.7 | 68.23 | 77.15 | 50.84 | 64.7 68.6 31
N
KTP | 27.7 36.1 23.8 3.21 3.54 3.28 1.6 1.2 2
< |TVvU |68 1147 | 384 16.45 | 22.43 | 6.46 6.1 6.7 2.5
©
9 PTN |58 53.3 24 9.57 6.82 4.58 4.6 3 2.8
<
o
g THM | 40.5 44.1 17.6 9.72 11.31 | 4.02 5.2 3.8 1.7
N
KTP | 49.8 42.6 28.1 2.4 2.5 1.96 0.39 0.6 0.4
E TVU | 89.2 107.1 | 50.4 10.78 | 17.39 | 5.96 2.9 6.2 1.2
§ PTN | 58.6 52.2 37.2 6.75 5.9 3.76 2.75 2.43 1
o
g THM | 101.6 | 70.4 64 13.76 | 11.81 | 6.18 5.9 3.3 2.2
N
KTP | 63.2 67.6 36.7 7.78 4.57 5.47 2.3 2.5 2.48
& | TVU | 1125 | 111 68.1 26.01 | 22.9 11.16 | 8.86 9.97 4.1
N~
o PTN | 84 62.8 60.1 11.76 | 1254 | 7.11 6.2 53 4.9
1)
o
g THM | 85.7 116.2 | 85.1 18.61 | 25.08 | 10.04 | 10.36 | 8.94 4.88
N
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Figure 61: Peak ground acceleration (cm/sec?) of the Gorkha Earthquake and its strong aftershocks

recorded at four sites. Note that the maximum PGA was recorded at rock site (KTP).
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Figure 62: Peak ground velocity (cm/sec) recorded during the earthquakes at four sites. Note that the
rock site has recorded the smallest PGV in all cases.
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Figure 63: Fourier amplitude spectra of the earthquakes recorded at four sites. In all cases the lowest
amplitude corresponds to the rock (KTP) site (Rajaure et al., 2017).

Ratio of Fourier spectrum of ground motion at rock site to that at a soil site was used
to investigate the amplification of seismic wave amplitude in Kathmandu valley
during the Gorkha Earthquake sequence. In order to check the azimuthal influence of
earthquakes, the earthquakes were grouped into two (Figure 64); two earthquakes in
the west (Gorkha) and two earthquakes in the east (Dolakha). Figure 64 reveals the
features of amplification in the Kathmandu valley during the Gorkha Earthquake
sequence. The figures in the left column belong to the Mw 7.8 and Mw 6.6 earthquake
which occurred in the west of Kathmandu at about 80 km; and the figures in the right
hand column belong to the Mw 7.3 and Mw 6.7 earthquake which occurred in the east
of Kathmandu at about 80 km. The results are grouped separately in order to check
the azimuthal variation (if any). In the figures, it is clear that the amplification factor,
which is a ratio of Fourier spectrum at soil site to that at the rock site (KTP) is smaller
for the large earthquakes than the smaller ones. Similarly, the peak of amplification
also moved towards high frequency during the smaller earthquakes. It clearly
demonstrates that the sedimentary basin responded non-linearly during the earthquake

sequence.

92



(] —— o 4 —
8 M el 3
= \ MaS &= /‘ ‘
g 10 g 0 /AR
< & /1
[ o / |
2 @ i |
= c 7] N\ A
o o VAL
3 a | \ A
8 0 @ = v/
S 0} 035Hz e o~ 043Hz
] o 10
2 & 0.93Hz A
vtz | 23Hz A
10 | l : | |
10 10 10 10 | 1
(]
3 PTN —wg | 8 =
= | Mé 6 g
g 2 ! n
E 10 g 0 A
o J I\
© : [ |\
g 3 AR
2 5 \
Y 3 __ \/ [}
s g |  o3m V4
2 o 10°f y ! iy
@ » 085Hz | \
| 23Hz
W
10 10 10 10 ] 1
@
=] —M7.8 ] —
2 THM mesl| 3 A\
£ 3 ’
g S . /\ A
E 10 g 0 / (\V/ \
@ i 1\/
@ ] ~F \
| = 7] v
S < P
Q o /
8 g o 025H
2 10°f 0.24Hz o 10° LI HE 2\
2 3 ’ @ - N R
b 0.53 Hz = O.SIHz‘ \,\/\,
0,8Hz 0.98 Hz
10! L 10! [
10 10 10 10 10 ]
(] ~ @
3 KATNP = g E -
a G
E 10 E 10 NA
@ & /1N
[ ] | \r M
2 g MY WA\,
2 S - | \"\ /
3 g 0.25 Hz J
o o° O o0 . ¥ A
: 10°t  0.21 Hz : o ; s AR
. 2Hz 23Hz i
10" - 10"
10 10° 10 10 | 10
Frequency [Hz] Frequency [Hz]

Figure 64: Ground response of the local geology of soil sites relative to rock site (KTP). This figure
shows that amplification (ratio) during large magnitude earthquakes were comparatively smaller than

during smaller earthquakes (Rajaure et al., 2017).

4.10. Discussions
4.10.1. Seismic hazard in Nepal

Seismic hazard analysis of Nepal has been carried out incorporating the developments
in the field of technology, improved knowledge of seismicity, seismotectonics,
geodetic results, and impact of 2015 Gorkha Earthquake. Seismic hazard maps for
five return periods have been prepared corresponding to 500, 1000, 2500, 5000 and
10000 year return periods.

Multiple source models and multiple attenuation relations are used to evaluate seismic

hazard in Nepal. Earthquake sources are considered both in Nepal and in the
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surrounding areas of the region, which fall up to 250 km from the border of Nepal.
The MHT is treated as a segmented source. Logic trees are used to incorporate
uncertainties in source models and attenuation relations. Most of the previous works
have prepared seismic hazard maps corresponding to 500 year return period, which is
commonly used in building codes, therefore, further discussion is made on seismic

hazard maps of 500 year return period only

The result (Figure 50) shows a belt of high hazard (PGA >0.3) in the middle part of
Nepal parallel to the Himalaya. The maximum hazard (PGA>0.45) g is present in the
far-western part of Nepal. The seismic hazard map (Figure 50) was prepared using
attenuation relations (Appendix 18-1 and Appendix 18-2) described in 4.7.2. Among
the relations, Young’s et al. (1997) produces considerably large PGA (e. g. Appendix
19-1) in comparison to other relations. When Young’s et al. (1997) relation is omitted
for the subduction zone sources (MHT segments), the largest PGA is about 0.35 g
(Appendix 21-2) in far-west and about 0.3 g in the Kathmandu Valley. As a local
attenuation model is not available for Nepal and it is not known which specific model
from other regions best fits the local attenuation pattern, Youngs et al. (1997)
attenuation relation is continued to be used and the seismic hazard maps (Figure 50,
Figure 51, Figure 52, Figure 53 and Figure 54) are adopted as the final seismic hazard
maps corresponding to 500, 1000, 2500, 5000 and 10000 year return period.

A test is carried out to understand the major source of seismic hazard in the urban
areas of Nepal. A seismic hazard map was prepared without considering the MHT
sources, which shows considerably small PGA (Appendix 21-3) in the urban areas in
Nepal. But the sources in the north (South-Tibet) have influence in the northern part
reaching about 0.2 g Jomsom area. Evidently, the MHT is a major source of seismic

hazard in the urban areas of Nepal.

The prepared seismic hazard map (Figure 50) is in a good agreement with frequently
experienced and reported earthquakes in history, which have destroyed the northern
part of Nepal many times (e.g. 1833 North Kathmandu Earthquake (Mw 7.6) and
2015 Gorkha Earthquake (Mw 7.8). A comparison of the present result (Figure 50)
with the results from three previous works (corresponding to 500 year return period)
is presented in (Figure 65).
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Figure 65: A comparison of the seismic hazard map (a) prepared in this study with other previous works by Thapa and Wang (2013) (b), Pandey et al. (2002) (c) and Stevens
et al. (2018) (d). The depicted PGA corresponds to 10% probability of exceedance in 50 years at engineering rock site condition.
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The result from this study (Figure 65(a)) agrees with the results obtained by Pandey et
al., (2002) in terms of the high hazard zone in the northern part of Nepal (Figure 65
(c)). The seismic hazard map (Figure 65(a)) was published using area sources and
thrust faults as potential earthquake sources. The area sources are segments of the
MHT and the thrusts are other geological faults. Young’s et al. (1997) attenuation
relation was used to derive the PGA. The PGA corresponds to 10% probability of
exceedance in 50 years at the engineering bedrock. The pattern of large PGA
distribution correlates with the pattern noticed in the present result. The PGA in this

result varies between 0.1 and 0.4 g.

The seismic hazard map of Nepal (Figure 65 (b)) by Thapa & Wang (2013) shows
PGA higher than in this result, which might have resulted from differently estimated
earthquake recurrence parameters and the considered earthquake sources, which are
not based on the geometry of the MHT. They have estimated b-value that is smaller
(0.85) than estimated in this study for the region. They have followed the procedure
developed by CEA (2005) to estimate seismic hazard using attenuation relation
developed by CEA (2005) for western China. The smaller b-value might be
responsible for the large PGA estimated. The large PGA in the north resulted on
account of the division of MHT into two sources and possibly the recurrence
parameters were estimated using data specific to the sources.

Stevens et al. (2018) prepared seismic hazard map of Nepal (Figure 65 (d)) using
MHT as a single source with maximum potential magnitude up to Mw 9.0 and other
faults in the north and northwest of Nepal. The researchers have used fixed b-value
(1.0) in accordance with the worldwide observation of b-value in similar tectonic
regions. The b-value (1.0) used by Stevens et al. (2018) is not small, however the
predicted maximum PGA is relatively large (0.6 g). The large PGA possibly resulted
from a very large single earthquake source (MHT). Present study considers segments
of MHT, which have smaller maximum potential magnitude (up to 8.5) than
considered by Stevens et al. (2018) (Mw 9.2). Additionally, Stevens et al. (2018)
considered entire N-S rupture of the MHT, whereas weighted mean of three types of
scenario rupture of MHT are considered in the present study, hence high hazard is

estimated in the middle part of Nepal and the southern part has less hazard.
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Seismic hazard analysis requires record of earthquakes recorded for long span of time
and it should cover complete seismic cycles of large earthquakes. Systematic
recording of earthquakes started very lately and therefore such a record does not
extend back beyond 1900 AD. Records of the historical earthquakes have uncertainty
in terms of their precise size and location. The presently prepared seismic hazard
maps are prepared using instrumentally recorded data for the last 120 years and pre-
instrumental data (before 1900 AD) which are available since 1100 AD. The
earthquake recurrence parameters based on such a limited data were used to evaluate
seismic hazard. The pre-instrumental data could have higher uncertainties because of

their locations and magnitudes being estimated from the macroseismic data.

Furthermore, well established attenuation relations are not available for the region and
Nepal particularly. Therefore, such relations have to be borrowed from other regions,
which have similar tectonic environment. In addition to these uncertainties about
attenuation relation, the scattering in attenuation relation, maximum potential

magnitude of potential earthquake also influence the uncertainties in the result.

4.10.2. Ground response of Kathmandu valley

The results from seismic hazard analysis are calculated at the engineering rock site
condition, where the shear wave velocity (Vs) is larger than 760 m/s. However, the

ground motions may be influenced by local geology and soft sediments.

Earlier reports on the 1934 Bihar-Nepal Earthquake (Mw 8.2) and 1833 North
Kathmandu Earthquake (Mw ~7.6) discuss localized massive destruction in the
Kathmandu valley and attribute the massive destruction to local geology of the basin
(Pandey and Molnar, 1988).

Present study utilized strong motion records of different earthquakes which occurred
in and around Nepal to investigate the effect of local geology on ground shaking. The
result depicts that the peak value of amplification increased gradually during the
large-to-small earthquakes. The amplification was smaller during strong earthquakes
(Mw 7.8 and Mw 7.3) in comparison to other strong aftershocks (Mw 6.6 and Mw

6.7) (Table 12). Apparent azimuthal effect was not noticed from the analysis of
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records, two of which occurred in the west of Kathmandu and two in the east. The soft
sediments of Kathmandu valley damped the frequencies above 2.5 Hz, which
correspond to low rise buildings (up to 4 story), therefore the low rise buildings
survived the shaking than was anticipated. Because of the amplification of motion at
low frequency (<2.5 Hz) the tall structures were affected considerably. Based on a
few observations, it is too early to generalize the observations of Gorkha Earthquake

to future strong earthquakes.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Probabilistic seismic hazard maps (Figure 50, Figure, 51, Figure 52, Figure 53 and
Figure 54) of Nepal have been prepared. The maps show PGA values for engineering
soil site conditions corresponding to 10%, 5%, 2%, 1% probability of exceedance in
50 years and 1% probability of exceedance in 100 years ( approximately 500 year,
1000 year, 2500 year, 5000 year and 10000 year return period in their order).

The seismic hazard maps are prepared using two types of attenuation relations
(Appendix 18-1 and Appendix 18-2). Among the relations, Young’s et al. (1997)
relation produces the largest PGA (Appendix 19-1) whereas the Atkinson and Boore
(2003) relation produces the smallest. When Young’s et al. (1997) relation is omitted
for the subduction zone sources (MHT segments), the largest PGA, corresponding to
~500 year return period, is about 0.35 g in far-west and about 0.3 g in the Kathmandu
Valley (Appendix 21-2). Considering the unavailability of a local attenuation model
for Nepal, our knowledge on which model best fits the local attenuation model and
the PGA recorded during 2015 Gorkha Earthquake, we chose to use Young’s et al.
(1997) attenuation relation also in all calculations.

The seismic hazard maps show the eastern Nepal (Taplejung and Terhathum), central
Nepal (Kathmandu, Kavre, Sindhupalchok, Nuwakot, Dhading and Makawanpur) and
far western Nepal (Jajarkot, Jumla, Kalikot, Dailekh, Achham, Bajura and Bajhang)
have relatively high hazard.

The major conclusions on the seismic hazard analysis of Nepal are as follows.

I. A comprehensive, magnitude-homogenized earthquake catalogue is prepared
from catalogues collected from different sources. The catalogue contains
independent earthquakes that are required in probabilistic seismic hazard
analysis.

[l.  Altogether nine earthquake source models are identified and delineated. Out of
the nine models, six models are used in the preparation of seismic hazard
maps.
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Peak ground acceleration is estimated at grid of ~20 km spacing. Probabilistic
seismic hazard maps of Nepal have been prepared for 500, 1000, 2500, 5000
and 10000 year return periods.

IV.  The major source of seismic hazard in Nepal is the Main Himalayan Thrust.
V.  The region between MCT and MFT shows relatively high hazard.
VI.  The seismic hazard depends more on the maximum potential magnitude and
earthquake recurrence parameters than on geometry of MHT.
VIl.  The peak ground acceleration in major places are as follows. The PGA values

correspond to 500 year return period for engineering rock site conditions.
Place Latitude (°E) Latitude (°N) PGA (9)
Baglung 83.600 28.266 0.370
Bajhang 81.199 29.550 0.470
Bhairahawa 83.450 27.500 0.230
Biratnagar 87.283 26.467 0.150
Birgunj 84.867 27.017 0.160
Chaurjhari 82.193 28.626 0.420
Dadheldhura 80.567 29.300 0.400
Darchula 80.764 29.872 0.466
Dhankuta 87.340 26.970 0.300
Dipayal 80.930 29.243 0.448
Dunai 82.900 28.933 0.280
Gorkha 84.629 28.000 0.410
Hilsa 81.334 30.151 0.290
Ilam 87.910 26.910 0.330
Janakpur 85.917 26.733 0.160
Jiri 86.229 27.628 0.400
Jomsom 83.730 28.783 0.240
Jumla 82.193 29.274 0.320
Kathmandu 85.317 27.700 0.410
Mahendranagar 80.300 28.967 0.240
Mugu 82.085 29.502 0.330
Nepalgunj 81.617 28.067 0.200
Palpa 83.550 27.866 0.350
Pokhara 83.983 28.217 0.370
Pyuthan 82.853 28.101 0.400
Salyan 82.161 28.375 0.380
Simikot 81.819 29.968 0.270
Surkhet 81.600 28.600 0.360
Taplejung 87.650 27.370 0.410
Tumlingtar 87.193 27.314 0.370
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Ground response of the Kathmandu valley sediments has been investigated

utilizing strong motion records of the 2015 Gorkha Earthquake recorded in the

Kathmandu sedimentary basin. The major observations on the ground response of

the Kathmandu Valley are as follows.

During the Gorkha Earthquake sequence, the PGA at soil sites were
damped for frequencies larger than 2.5 Hz and amplified in the lower
frequency (<2.5 Hz). Because of this reason, the small story buildings
were less affected and the tall structures were affected more.

The amplification factor was smaller during strong earthquake and was
larger during smaller earthquakes. This is non-linear effect caused by the
properties of soil in the Kathmandu Valley.

The results on ground response are based on analysis of records recorded
at a few places, therefore, should not to be generalized for other locations.
These results on ground response are based on strong motion records of a
few earthquakes, therefore, should not be generalized for other future

strong earthquakes.

5.2 Recommendations

The followings are the main recommendations of this study:

The prepared seismic hazard maps incorporate the experience of the 2015
Gorkha Earthquake and its different characteristics, multiple source
models, multiple attenuation relations, different datasets and different
earthquake recurrence parameters estimated using different methods.
Additionally, three rupture scenarios of the sources from MHT were
considered. The PGA values estimated for different part of Nepal in the
present study are more realistic. Therefore, these findings should be
considered in next revision of the Building code of Nepal

The seismic hazard map and ground response results should be considered
in policy making, planning, formulation and revision of building code,
design of new infrastructures and retrofitting of existing infrastructures. It
will facilitate the risk assessment, insurance policies and many others.
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Present study reveals that the effect of an earthquake in the Kathmandu
valley is not uniform at all places. Therefore, a detailed study is required to
completely understand the site characteristics in the Kathmandu
sedimentary basin.

The Kathmandu valley sediments amplified low frequencies (<2.5 Hz) and
damped high frequencies (> 2.5 Hz) during the 2015 Gorkha Earthquake.
A dense network of strong motion instruments should be installed and
operated continuously keeping always in mind that strong earthquakes are
lessons to improve our understanding and move forward accordingly. Such
a network will help in the derivation of local attenuation relation for Nepal
that is not available to the date.

Ground response of other major cities of Nepal where sediment cover is
very thick such as Pokhara, cites at dun valleys and Terai etc, site
characteristics is still unknown. Installation and operation of strong motion
instruments is necessary for those cities also to better understand the

ground response during earthquakes.
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CHAPTER 6
SUMMARY

Nepal lies in the central part of the Himalaya which is one of the most seismically
active zones in the world. The Himalaya is a converging zone, where the Indian Plate
is continuously thrusting under the Eurasian Plate. The Main Himalayan Thrust
(MHT) is the detachment surface, which separates these two plates. The Main Central
Thrust (MCT), Main Boundary Thrust (MBT) and the Main Frontal Thrust are major
thrust systems in Nepal. In addition to these thrust systems, there are several reverse

faults in Nepal and normal faults in South Tibet.

Nepal has witnessed several mega-earthquakes and thousands of small earthquakes in
the past. The 2015 Gorkha earthquake is one of the latest mega-earthquakes in Nepal,
which resulted on account of the slip on the MHT. Large earthquakes (Mw>7.5),
which are less frequent, are believed to occur at the depth of the MHT (~20 km). The
consequences of occasional large earthquakes have remained very painful to the
people, society, economy and the nation as a whole. The more frequent smaller
earthquakes may occur off the MHT and could in particular be shallower. These
smaller and shallow events being more frequent may impact in the hazard level
significantly. The preparation of seismic hazard map and evaluation of site specific
ground motion due to earthquake could be the basic steps of earthquake risk
reduction. The policy making, planning, formulation/revision of building code,
strengthening of existing structures and risk analysis all require the results from the

seismic hazard analysis.

A number of attempts have been made to produce seismic hazard maps of Nepal in
the past. However, in one hand, those maps prepared by different authors do not agree
with each other. On the other hand preparation of a seismic hazard map is a dynamic
process and the map evolves through time when there are new data, techniques and
better understanding of geology, seismotectonics etc. Therefore, present study was
undertaken to develop new seismic hazard maps of Nepal, corresponding to different
return periods, using multiple dataset, multiple source models, and multiple

attenuation and recurrence relations. Seismic hazard maps of different return periods
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have been prepared so that they would be helpful in planning and in the design of

different kinds of hydropower projects as well as other development infrastructures

A comprehensive, magnitude-homogenized earthquake catalogue is prepared from
earthquake catalogues collected from different sources. The prepared catalogue can

serve as an input in further seismic hazard analysis.

Three rupture scenarios of the MHT were used with different weight factors to
account for uncertainty in the dimension of rupture, as revealed by 2015 Gorkha
Earthquake, possibly the 1833 North Kathmandu Earthquake and other rupture areas
revealed by paleoseismic investigations carried out in Nepal. Further, 2015 Gorkha
Earthquake and its aftershock area (rupture area) have been used in the present study
to prepare the seismic hazard map of Nepal and analyze the ground response of the

Kathmandu valley.

In this study, the Probabilistic Seismic Hazard Analysis (PSHA) technique developed
by Cornell (1968) and Algermissen et al. (1982) was used to evaluate seismic hazard
in Nepal. The prepared seismic hazard maps depict seismic hazard expressed in terms
of PGA (g) across the country. The maps show a belt of relatively high hazard in the
middle part of Nepal that runs parallel to the Himalaya. The belt of high hazard
correlates with the location of the MHT, often felt earthquakes and the rupture area of
the 2015 Gorkha Earthquake. Relatively high hazard is depicted in the far-western
part of Nepal. The hazard strongly drops in the southern part of Nepal (in the south of
the MFT) because of the boundary of major source of earthquakes (MHT) ends there.

The MHT is the major contributor of seismic hazard in Nepal.

Characteristics of ground motion may be influenced by local geology. Local geology
can bring changes in amplitude, duration and frequency content of ground motion.
Variable destruction pattern was reported during 1934 Bihar-Nepal Earthquake (Mw
8.2). Strong motion records of earthquakes recorded in the Kathmandu Valley were
used to investigate characteristics of the ground motion and amplification in the
valley. Local geology of Kathmandu sedimentary basin responded non-linearly to the
ground motions during the Gorkha Earthquake and its three strong earthquakes. The

amplification was small during strong earthquakes in comparison the smaller
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earthquakes. The amplitudes at frequencies larger than 2.5 Hz were strongly damped
and those smaller than 2.5 Hz were amplified. Because of damping of high
frequencies, the small storied buildings were less affected than was anticipated
initially. Similarly, the tall buildings were severely affected because of amplification

of frequencies smaller than 2.5 Hz.

The result of seismic hazard analysis is important for a nation like Nepal which is
pursuing to accelerate its development works. The result can help in policy making,
planning, formulation and revision of building code, design of new infrastructures and
strengthening of existing ones. Similarly, it can help in risk assessment, insurance
policies and many others. The result of ground response in Kathmandu Valley are
based on acceleration data of a very few earthquakes recorded at six locations. The
results from these limited number earthquakes, recorded at a few sites should not be

generalized for entire Kathmandu Valley.
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ABSTRACT

We analyze strong motion records and high-rate GPS measurements of the M 7.8 Gorkha mainshock, M 7.3
Dolakha, and two moderate aftershock events recorded at four stations on the Kathmandu basin sediments,
and one on rock-outcrop. Recordings on soil from all four events show systematic amplification relative
to the rock site at multiple frequencies in the 0.1-2.5 Hz frequency range, and de-amplification of higher
frequencies (>2.5-10 Hz). The soil-to-rock amplification ratios for the M 7.8 and M 7.3 events have lower
amplitude and frequency peaks relative to the ratios of the two moderate events, effects that could be sug-
gestive of nonlinear site response. Further, comparisons to ground motion prediction equations show that
1) both soil and rock mainshock recordings were severely depleted of high frequencies, and 2) the depletion
at high frequencies is not present in the aftershocks. These observations indicate that the high frequency
deamplification is additionally related to characteristics of the source that are not captured by simplified
ground motion prediction equations, and allude to seismic hazard analysis models being revised - possibly
by treating isolated high frequency radiation sources separately from long period components to capture

large magnitude near-source events such as the 2015 Gorkha mainshock.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The Kathmandu Valley in central Nepal hosts several rapidly
developing urban areas, including the capital city of Kathmandu,
Patan, and Bhaktapur. With a population of 2.5 million people,
and a 4 percent growth per year, the Kathmandu Valley is one of
the fastest-growing metropolitan areas in South Asia (Muzzini and
Aparicio, 2013). It is also the first region in Nepal to face the unprece-
dented challenges of rapid urbanization on a metropolitan scale
alongside the exposure of its growing population and infrastructure
to natural hazards such as landslides, floods and earthquakes (Yadav
et al., 2004).

The Kathmandu Valley has experienced numerous large earth-
quakes in the last 1500 years (Pandey and Molnar, 1988; Mar-
tin and Szeliga, 2010). Prior to the Gorkha earthquake, the most

* Corresponding author.
E-mail address: domniki@caltech.edu (D. Asimaki).

http://dx.doi.org/10.1016/j.tecto.2016.09.030
0040-1951/© 2016 Elsevier B.V. All rights reserved.

recent large event, the Great Nepal-Bihar Earthquake of 1934, with
an estimated magnitude of M 8.1-8.4 (Chen and Molnar, 1977;
Chitrakar and Pandey, 1986; Bilham et al., 2001; Sapkota et al.,
2013; Bollinger et al., 2014) caused 8500 fatalities, and destroyed
20% and damaged 40% of the valley’s building stock, including one
quarter of the buildings in Kathmandu and many of the temples in
Bhaktapur (e.g. Pandey and Molnar, 1988). Within the basin, esti-
mated intensities correlated qualitatively to the thickness of the
basin sediments, suggesting that site effects played a major role
in modifying the ground motion within Kathmandu (Dixit et al.,
1998). A number of studies have concluded that the 1934 earth-
quake damage was accentuated by ground motion amplification
and liquefaction in the fluvio-lacustrine sediments of the south-
ern Kathmandu Valley (Rana, 1935; Chitrakar and Pandey, 1986;
Pandey and Molnar, 1988; Bilham et al, 2001; Paudyal et al,
2013).

While the importance of site response in Kathmandu Valley has
long been clear, strong motion data have been scarce (Rajaure et
al., 2014), and the detailed nature of site effects has thus remained
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poorly understood. To date, site response studies have relied almost
exclusively on ambient noise (microtremor) data (Pandey, 2000;
Paudyal et al.,, 2012a,b). Data from the 2015 Gorkha earthquake
sequence provide a unique opportunity to better understand site
effects on multiple spatial and frequency scales, for strong as well
as weak motions. In this paper we analyze ground motions from the
25 April 2015 Gorkha mainshock (M 7.8), the 12 May Dolakha after-
shock (M 7.3), and two moderate aftershocks recorded by four strong
motion stations on unconsolidated sediments and one on reference
(rock) site conditions. The strong motion data are complemented at
long periods by two high-rate GPS stations, one on sediments in the
Kathmandu Valley, and one on rock at the town of Kakani, 25 km
north-west of Kathmandu. The stations are depicted in Fig. 1, over-
laid on the intensity map by Martin et al. (2015), and their code
names and locations are listed in Table 1.

2. Geology of the Kathmandu Valley

The intermontane Kathmandu Valley is a tectonic basin located
in a region of central Nepal known as the Midlands (Dhital, 2015).
It is surrounded by the Higher Himalayan and Tethyan Himalayan
rocks. The basement rock of the Kathmandu Valley, known as the
Kathmandu Nappe (Hagen, 1951), was formed by thrusting along
the Mahabharat or Main Central Thrust (MCT). According to Stdck-
lin (1980), the nappe is composed of two rock types, the Proterozoic
Bhimphedi and Paleozoic Phulchoki. The Kathmandu basin lies on
the nappe within the so-called Great Mahabharat Synform (Dhital,
2015), the core of which was occupied by a lake from the Pliocene to
Pleistocene (Yoshida and Igarashi, 1984).

The basin is currently filled with a thick sequence of fluvio-
lacustrine sediments, which range in age from 2.5 Ma to about 20 ka
(Sakai et al., 2001; Moribayashi and Maruo, 1980). The depth of lake
bed sediments remains in question, with maximum depth estimates
ranging from 250 m (Paudyal et al., 2012b) to 500-600 m (Morib-
ayashi and Maruo, 1980). The semi-consolidated sediments consist
primarily of muds, silts, sandy silts, fine to coarse sands and gravel
to pebbly conglomerates (Katel et al., 1996), and their depositional
environment can be traced back to the delta plain, the delta front and
the prodelta environments (Sakai et al., 2006, 2001). These geologic
processes have led to a complex basement geometry and a strongly
heterogeneous basin stratigraphy, which together suggest that the
ground shaking within the Kathmandu basin could be affected by
complex, three-dimensional site effects.

3. Strong ground motions

Following the September 18,2011 M 6.9 Sikkim Earthquake (also
known as the 2011 Himalayan earthquake) in the Kathmandu Val-
ley, Hokkaido University, Japan (Takai et al., 2015) installed four
Mitsutoyo JEP-6A3-2 accelerometers in collaboration with the Cen-
tral Department of Geology (CDG) at Tribhuvan University (TU). The
strong motion stations have a 100 Hz sampling rate and operate con-
tinuously. One station, KTP, was installed at the Kirtipur Municipality
Office, located on a rock outcrop ‘island’ near the west-most basin
edge; the other three, TVU, PTN and THM, were installed on soft sed-
iments along an east-west linear array across the valley (Fig. 1). In
addition to the above instruments, the U.S. Geological Survey (USGS)
installed one (GeoSIG NetQuakes) accelerometer (KATNP) on the
Kathmandu Valley sediments (Dixit et al., 2015); the station began
operation in April 2011, but had ceased transmission in near real-
time in 2013 due to an unreliable Internet connection. Recordings
of the Gorkha mainshock were nonetheless obtained and retrieved
manually from the ring buffer several days later. Lastly, the Depart-
ment of Mines and Geology operated a strong motion instrument in
central Kathmandu (Bhattarai et. al, 2015). The instrument is part

of the National Seismological Centre of Department of Mines and
Geology (NSC-DMG), was installed in 2011 and was funded by a
technical cooperative agreement between the Departement Analyse
Surveillance de I'Environnement (DASE), the Commissariat Energie
Atomique (CEA), the Government of France, the Department of Mines
and Geology in Nepal, and the Government of Nepal that was estab-
lished in 1978. All these instruments recorded the 2015 sequence
(Dixit et al., 2015; Bhattarai et. al, 2015; Takai et al., 2016). Data from
the USGS permanent strong motion instrument were made available
to the international community within nine days; the mainshock
data recorded by the four station array installed by Hokkaido and
Tribhuvan Universities are also available (Takai et al., 2016), while
the aftershocks recorded by the same array will be made available in
the near future.

The 25 April 2015 M 7.8 Gorkha and the 12 May 2015 M 7.3
Dolakha earthquakes, as well as several aftershocks of the Gorkha
sequence, including the 26 April 2015 M 6.7 and the 25 April 2015
M 6.6 events, were recorded by the stations listed in Table 1. The
epicenters of the M 7.8 mainshock and the M 6.6 aftershock were
located approximately 80 km NW of the Kathmandu Valley, while
the epicenters of the M 7.3 and M 6.7 aftershocks were located
approximately 80 km northeast of the valley (Fig. 1). Peak ground
accelerations of the M 7.8 and M 7.3 acceleration recordings are indi-
cated on Fig. 2. The reference station, KTP, recorded the maximum
horizontal ground acceleration during the M 7.8 mainshock (0.25 g
in the EW direction); the east-most station of the array, THM, which
was also the closest to the Dolakha epicenter, recorded the maximum
horizontal acceleration during the M 7.3 aftershock (0.17 g in the EW
direction).

The most striking characteristics of the ground motions at the
four soil sites that can be seen in Fig. 2 are 1) the presence of rever-
berating long-period waves that are not present at KTP, and 2) the
lack of high-frequency energy, which is especially pronounced in the
M 7.8 event. The Fourier amplitude spectra of the horizontal ground
motion components (vector summation of NS and EW components)
during the M 7.8 mainshock (Fig. 3) show that the motions on soil are
systematically amplified (up to an order of magnitude in the vicinity
of 0.2 Hz) relative to the rock shaking over a wide range of frequen-
cies (approximately 0.1-2.5 Hz), and de-amplified by approximately
a factor of two for frequencies higher than 3 Hz. This effect is less
pronounced in the case of the M 7.3 event: the cross-over from long
period amplification to high frequency de-amplification of both hor-
izontal and vertical components occurs at higher frequencies (4 Hz
vs. 3 Hz for the H-component, and 8 Hz vs. 7 Hz for the V-component
in Fig. 3); and also, the strong motion records on sediments are not
as severely depleted of high frequencies relative to KTP as in the case
of the mainshock.

The waveforms in Fig. 2 and the magnitude-dependent contrast
between the amplitude of high frequency components on soil rel-
ative to rock (Fig. 3) are consistent with the effects of nonlinear
site response, which refers to the strain-dependent stiffness reduc-
tion and damping increase due to soil yielding that causes amplitude
reduction and shift of the frequency content similar to that of the
mainshock records in Fig. 3 (Dixit et al., 2015). This effect is also
observed, but to a less extent, for the M 7.3 aftershock, although
as we will show in Section 5 it primarily manifests as reduction in
amplitude that could be explained by increase in the material damp-
ing alone. Still, whether the reduction in amplitude and shift in fre-
quency content is indeed a manifestation of nonlinear site response,
and if so, what the relative role of nonlinearity was in shaping the
mainshock strong motion frequency content relative to phenomena
such as source radiation, rupture directivity and 3D basin effects is
unclear, and is currently the subject of ongoing research.

We next compare the rotation independent response spectral
acceleration RotD50 (Boore, 2010) of the M 7.8 mainshock and M
7.3, M 6.7 and M 6.6 aftershocks to response spectra predicted using
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Table 1
Strong motion (SM) and GPS stations used in this study.
Site code Lat (N) Long (E) Instrument Location
KTP (rock) 27.68182 85.27261 SM Kirtipur Municipality Office
TVU (soil) 27.68145 85.28821 SM Central Department of Geology
PTN (soil) 27.68082 85.31897 SM Engineering College, Pulchowk
THM (soil) 27.68072 85.3772 SM University Grant Commission Office, Bhaktapur
KATNP (soil) 27.71307 85.3161 SM Kantipath
KKN4 (rock) 27.80075 85.278802 GPS Kakani
NAST (soil) 27.65672 85.327726 GPS Khumaltar

the Abrahamson et al. (2016) (also known as BC Hydro) and Boore
et al. (2014) ground motion prediction equation (GMPEs) (Fig. 4).
Although the Boore et al. (2014) equations (known by and frequently
referred to by the acronym BSSA14) were developed primarily with
ground motions from the Western United States (WUS), we can see
in Fig. 4 that it provides a reasonable analog for Nepal as both are
active crustal regions. Note that no GMPE is perfectly applicable for
this event; subduction zone GMPEs are primarily developed from
data in ocean-continent or ocean-ocean subduction zones (Atkinson,
2003; Petersen et al., 2015; Kanno et al., 2006; Ghofrani and Atkin-
son, 2013). The primary difference between BC Hydo and BSSA14 is
that the latter predicts greater amplitudes at long period motions,
which are reflective of the surface waves generated in deep sedimen-
tary basins such as Los Angeles and Kathmandu. For these compar-
isons, we have computed the Joyner-Boore distance (Rjz) (Joyner and
Boore, 1981) from the Hayes et al. (2015) finite fault models for the
M 7.8 and M 7.3 events and used the epicentral distance for the M 6.7
and M 6.6 for Rjp. For the time-averaged shear wave velocity of the
top 30 m, we have assumed Vs3p = 200 m/s for the soil sites (JICA,
2002), and Vs3g = 760 m/s for the reference station (KTP).

Comparison of the mainshock recordings at all stations to BCHy-
dro and BSSA14 confirms that the ground motions were severely
depleted of high-frequency energy (i.e. at periods less than approx-
imately 1 s) relative to the GMPE predicted levels, up to an order of
magnitude for the strong motion records on sediments. While this
high-frequency anomaly of the mainshock is more pronounced in
the records on sediments, it is also observed at the reference site
(KTP), suggesting that the depletion of high frequencies is at least
attributed to some extent to the characteristics of the mainshock
source (Ampuero et al., 2016). Additional evidence that the M 7.8
mainshock produced less high-frequency energy than usual is that
the corresponding frequency components of the aftershocks are gen-
erally in closer agreement with the GMPEs (Fig. 4). On the other
hand, the long period components of the aftershock records (<0.5
Hz or >2 s) on sediments (stations KATNP, THM, and TVU), which
reflect the constructive interference of vertically reverberating long
period body waves and surface waves generated at the basin edges,
are significantly larger than the GMPE predicted values. This discrep-
ancy suggests a potential shortcoming in the parameterization of
WUS GMPEs to capture the complex physics of long period ground
motions in deep sedimentary basins, which in this case are only cap-
tured through correlations with Vs3g. The basin-depth parameter in
BSSA14 (z1, the depth at which Vs = 1.0 km is exceeded) was not
used in these comparisons because we do not have a 3D velocity
model from which to estimate this parameter. Thus, it is possible
that the comparison at long periods could be improved with better
constraints on the basin shape.

4. Effects of the source characteristics

Sokolov and Chernov (1998) showed that the severity of earth-
quake damage (expressed as macroseismic intensity) is not only a
function of amplitude and duration, but also of the ground motion

frequency content. Additionally, they concluded smaller intensi-
ties are more closely associated with high-frequency amplitudes
while the larger intensities are associated with longer period ground
motion amplitudes. The high-frequency energy in an earthquake
may not be uniformly distributed throughout the rupture, which can
affect the frequency content of the ground motions, thereby affecting
damage patterns (Meng et al., 2011). The effects of spatial patterns
of the source frequency content generally cannot be accounted for in
ground motion prediction equations because they are based on dis-
tances defined relative to the complete rupture area. Avouac et al.
(2015) and Ampuero et al. (2016) showed that the high frequency
energy was predominantly released approximately 34 km from the
strong motion array along the downdip edge of the rupture (Avouac
et al,, 2015; Ampuero et al., 2016).

To fully consider the extent to which this difference can explain
the depletion of high frequency energy in Kathmandu, one must
compare the recorded ground motions to GMPEs developed using
the distance to high frequency radiation sources rather than Rj.
Such relationships are unavailable and additionally would require
that the high frequency radiation distribution is a systematic and
predictable phenomenon. The lack of such relationships notwith-
standing, Ampuero et al. (2016) recently compared the mainshock
ground motions to the BSSA14 predictions, and found remarkable
agreement between the recorded high frequencies and the BSSA14
GMPE with distance =34 km instead of Rz = 0 km. Longer period
characteristics of the strong motion records on the other hand, such
as the amplification observed in the period range 3-5s, were bet-
ter captured by BSSA14 with R = 0 km. Ampuero et al. (2016)
thus suggest that the mainshock source characteristic of concen-
trated high frequency radiation sources at the down-dip edge of the
rupture is at least partially responsible for the strongly attenuated
high frequencies of the mainshock strong motions. In the following
sections we explore the extent to which ground motions might have
been controlled by linear and nonlinear site effects.

5. Observations of site effects in Kathmandu Valley

To investigate the role that site effects played in shaping the
amplitude and frequency content of the recorded ground motions in
the valley, we computed the soil-to-rock amplification ratio of the
soil sites relative to the reference station for all four events (Fig. 5).
We first high passed the ground motion records above 0.1 Hz using
a fourth order Butterworth filter. We treated the horizontal com-
ponents as a complex signal according to Tumarkin and Archuleta
(1994), and calculated the sum of the spectral amplitude value cor-
responding to two symmetric frequencies. This approach produces
the maximized spectrum (Shoja-Taheri and Bolt, 1977) defined as
the maximum amplitude of shaking at a given frequency in the hor-
izontal plane, eliminates the need to rotate the components, and
produces results similar to standard averaging methods (Steidl et al.,
1995). The site amplification factors were smoothed using the Konno
and Ohmachi (1998) logarithmic filter (with smoothing parame-
ter b = 40). The instrument response of the triaxial accelerometers
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Fig. 2. NS and EW components of the 04/25/2015 M 7.8 Gorkha and the 05/12/2015 M 7.3 Dolakha earthquakes recorded at the five strong motion stations.

(Mitsutoyo Co. Ltd.), comprising a highly damped moving coil and
a natural frequency of 3 Hz, was shown to have minimal effects on
the acceleration ground motions in the frequency range (>0.1 Hz)
of interest of this study, and was thus not removed from the strong
motion time-series presented here.

As can be seen in Fig. 5, the ground motion amplification and
deamplification pattern at all stations is very similar, a fact that
we already observed by comparing the Fourier amplitude spectra
in (Fig. 3); regardless of the strong motion intensity, the basin sed-
iments systematically amplify the low frequency ground motion
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content of the rock outcrop strong motion surpasses that of all four soil sites.

components (approximately less than 2.5 Hz) and deamplify higher
frequency components.

We next observe that the site response is characterized by three
or more prominent peaks at approximately the same frequency
range across all stations, which strongly suggests that all four sta-
tions (and by extension the basin sediments) are dominated by
common amplification mechanisms. Additionally, the site response
of the M 7.8 event is shifted to lower frequencies and has lower
amplitude than the response to the M 7.3, M 6.6 and M 6.7 events.
This result could be seen as evidence that the site response during the
mainshock was nonlinear (Dixit et al., 2015), although verification
and validation of the hypothesis are still pending.

Nonlinear response is the alteration of site response by the yield-
ing of the near-surface sediments, due to motions strong enough to
induce strains beyond the elastic range of soil deformation (Joyner
and Chen, 1975; Seed and Idriss, 1970). Pervasive nonlinear response
of sediments, not associated with liquefaction, has been observed
during a number of large earthquakes (e.g. Field et al. (1997), Bonilla
etal.(2011)). This phenomenon has been shown to strongly correlate
with the level of ground motion (Beresnev, 2002; Borcherdt, 1994;
Hartzell, 1998; Su et al., 1998) and local soil conditions (Beresnev and
Wen, 1996; Frankel et al., 2002; Hartzell, 1998; Tsuda et al., 2006),
and in terms of ground motion amplitude, typically is manifested
beyond an acceleration amplitude threshold of 0.1-0.2 g (Beresnev
and Wen, 1996; Wu et al., 2009; Kaklamanos et al., 2013). Given the
very low stiffness of the near-surface unconsolidated sediments in
Kathmandu (Vs3g = 180-250 m/s according to JICA (2002)) and the
maximum horizontal ground acceleration of 0.25 g recorded at KTP
during the mainshock, the possibility of nonlinear effects shaping the
strong motion records is highly likely.

Still, studies on the nonlinear soil properties of the Kathmandu
black, unconsolidated clay are unavailable, at least to the knowledge
of the authors, and thus our ‘proof of nonlinear site response’ is at
this point founded on phenomenology. We also mention that deam-
plification is observed in the M 7.3 aftershock data as well, yet only
in the form of amplitude reduction - namely without significant shift
of the frequency peaks. This observation is still consistent with non-
linear site response, yet a lot less prominent than in the mainshock
case, and mostly manifesting as increase in intrinsic attenuation and
not strong reduction in material stiffness. Again, the effects of strain
amplitude on the stiffness and material damping changes of the
soil in Kathmandu remain an area that calls for extensive field and
laboratory testing studies.

Our observed spectral ratios characterize the site response within
Kathmandu Valley for both strong and weak ground motions. As dis-
cussed above (also shown in Dixit et al. (2015) and Hashash et al.
(2015) who studied the ground motions recorded at KATNP using
single station techniques), these results strongly suggest that the val-
ley sediments responded nonlinearly to the M 7.8 mainshock and
M 7.3 aftershock. Note that the PGA of the rock (KTP) aftershock
record was approximately 0.07 g, namely within the rock PGA range
(0.05g-0.1 g) where the onset of soil nonlinearity is generally
expected. Thus, this is potentially a very important recording for
studies of the boundary between linear and nonlinear soil behavior.

Furthermore, the prominent manifestation of nonlinear effects
(amplitude reduction and frequency shift) that we observe over a
very wide frequency range, including the low frequency modes (0.2-
0.4 Hz) that cannot be explained by near-surface soil yielding in
the context of a one-dimensional soil model, reflect the complex
three-dimensional geometry and stratigraphy of the Kathmandu
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basin, namely the geologic features of the same length-scale as the
wavelength of the low period deamplified frequency components.
While an in-depth understanding of site response would thus require
three-dimensional numerical modeling and detailed geologic pro-
files of the valley structure that are not yet available, previous studies
have provided some information about Kathmandu Valley structure.
We next use these results to develop a preliminary interpretation of
the observed site response.

6. Relationship between site effects and basin structure

Paudyal et al. (2012a) estimated that the thickness of the
uppermost basin sediments is between 10 and 15 m, combining
microtremor inversion with five shear wave velocity profiles (JICA,
2002). The resonant modes of these profiles were shown by Hashash
et al. (2015) to coincide with the high frequency peaks in the

site responses depicted in Fig. 5. Furthermore, the fact that these
frequencies (>2-3 Hz) are de-amplified regardless of the event sug-
gests that these layers have high inelastic attenuation (low quality
factor, Q), and are susceptible to nonlinear site response. In a subse-
quent study, Paudyal et al. (2012b) used the first mode (peak) of the
microtremor measurements to estimate the depth of the valley base-
ment. Their study showed that the central part of the Kathmandu
City lies over the main ancient lake of Kathmandu basin, and revealed
numerous shallower depressions outside the main ancient lake that
are separated/connected by buried ridges.

The one-dimensional (1D) expected fundamental weak-motion
resonance mode of the valley depends on the thickness of the
sediments. Assuming Vs3p = 200 m/s and a quadratic increase in
stiffness with confining pressure with no intermediate sharp con-
trasts between surface and basement rock, the fundamental mode of
the soil column at the deepest location of the basin ranges between
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Fig. 5. Site response at the stations on soil relative to KTP. The systematic shift of the site response peaks to lower frequencies during the stronger events, as well as the reduction
in amplitude are clear manifestations of nonlinear response. At each site, nonlinearity is observed at several frequencies (red vertical lines).

1.5 and 3 s (or 0.33 and 0.67 Hz) for a range of maximum thickness
250-500 m. While the latter is close to the lowest frequency peak
observed in our study (Fig. 5), the range of predicted fundamen-
tal mode frequencies reflects the uncertainty regarding the detailed
structure of the Kathmandu Valley, which has been previously
gleaned from indirect approaches such as microtremor studies. For
example, Paudyal et al. (2012a, b) observed a lowest amplification
frequency of 0.48-0.58 Hz at 172 sites throughout Kathmandu Val-
ley using horizontal-to-vertical (H/V) spectral ratios of microtremor
data. Their results are consistent with the above range of predicted
values, but given uncertainties associated with microtremor analy-
sis (Steidl et al., 1995), do not provide a strong constraint on either
valley depth or average V; for example, some of the weaker after-
shocks depicted in Fig. 5 show fundamental resonant modes lower
than the values measured by Paudyal and co-workers, which likely
reflects the lower resolution of microtremors compared to strong
motion records in the low frequency range.

Furthermore, the predicted frequencies of 1D site response do
not take into account two- and three-dimensional wave propagation
effects. While the Kathmandu Valley is shallow, with a depth/width
ratio (d/w) on the order of 0.1, and the predominant frequency of
converted surface waves should theoretically be close to the pre-
dicted 1D (quarter-wavelength) frequency (Bard and Bouchon, 1985;
Harmsen and Harding, 1981), one expects the lower modal frequen-
cies to be strongly affected by body-to-surface wave mode conver-
sion at the basin edges and lateral reverberations of the surface
waves across the valley. We can qualitatively identify these effects
by studying the filtered waveforms of the strong motion records
and two high-rate GPS records (Avouac et al., 2015) of the main-
shock in Fig. 6. The strong motion and GPS records at reference sites
KTP and KKN4 contain a singular long period pulse in each of the
frequency ranges 0-0.2 Hz (Fig. 6 (a)) and 0.2-1 Hz (Fig. 6 (b)). In
contrast, the waveforms on the sediments are much more complex,
particularly near the basin edges (TVU and PTN) where vertically
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intensity scale is given in Fig. 1.

propagating, reverberating shear waves constructively interfere with
horizontally propagating surface waves generated by diffraction and
amplified by focusing at the basin edges (Toshinawa and Ohmachi,
1992; Furumura and Hayakawa, 2007). By contrast, filtered strong
motion data on soil in the 2.5-5.0 Hz frequency range are heavily
attenuated relative to the reference site records, which is sugges-
tive of nonlinear site response of the basin sediments (Fig. 6 (c))
(high rate GPS data had a poor signal-to-noise ratio beyond 1 Hz and
have thus been omitted from Fig. 6 (c)). We also observe that dur-
ing the mainshock, the high frequencies attenuate from west to east,

namely in the direction of the rupture propagation, which could be
suggestive of a very low quality factor (Q) in the near-surface sedi-
mentary layers; still, the mainshock data are not directly comparable
to the smaller events due to the extent and location of the rupture
zone, and thus this observation is speculative and subject to further
investigation and validation. Lastly, we note that the low frequency
spectral components computed from the acceleration strong motion
records compare exceptionally well to the corresponding spectral
amplitudes computed from the two high-rate GPS records on sedi-
ments (NAST) and reference (KKN4) site conditions (Fig. 7), as well
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motion, high rate GPS data and the BSSA14 GMPE at long periods (>4 s) is remarkable

as to the BSSA14 GMPE in the same frequency range (<0.25 Hz or
>4 s in terms of periods). This comparison suggests that in absence
of strong motion records, high rate GPS measurements can be a
reliable source to quantify long-period basin amplification effects.

Despite the strong amplification effects in the low frequency
range induced by the deep sedimentary deposits of the basin, the
frequency characteristics of the ubiquitous 1-2 story buildings in
Kathmandu coincide with the frequency range strongly deamplified
by a complex interaction between source effects, anelastic attenua-
tion and nonlinear site response (>3 Hz). The latter fortuitous coin-
cidence is also supported on average by macroseismic data shown in
Fig. 1 (b), which reveal generally lower intensities in central Kath-
mandu Valley compared to adjacent foothills (Martin et al., 2015).
Still, the lack of stations and thus records in the zones of the lowest
intensities makes it hard to concretely support this point, at least in
absence of simulated nonlinear 3D ground motions.

7. Conclusions

We have analyzed strong motion records of the M 7.8 Gorkha
mainshock, M 7.3 Dolakha, and two moderate aftershock events
recorded at four strong motion stations on soil in the Kathmandu
basin, and one station on reference (rock) conditions. The M 7.8
ground motions at the four soil sites are characterized by large ampli-
tude low frequency (<0.5 Hz) waves and severely attenuated high
frequencies relative to the reference station records. Comparison of
the observations to ground motion prediction equations reveal that
the high frequency anomaly was characteristic of the M 7.8 shaking
on both soil and rock, suggesting that it was in part an effect of the
source characteristics of the mainshock. Site effects also appear to
have played a dominant role in shaping the amplitude and frequency
content of ground shaking on soil. Strong motions on soil for all four
events show systematic amplification relative to the rock site in the
low frequency range (0.1-2.5 Hz), and de-amplification of higher fre-
quencies (>2.5 Hz). At the same time, the soil-to-rock amplification
ratio for the mainshock and M 7.3 aftershock have lower amplitude
compared to two (M 6.6 and M 6.7) moderate events, which could
be potentially explained by the fact that site response during the
stronger events was nonlinear.

Several questions are unresolved pertaining to the role, sever-
ity and spatial extend of nonlinear soil response in shaping the
observed high frequency content of the mainshock strong motions.

The paucity of data such as the scarcity and sparsity of velocity
profiles in the basin, the uncertainties related to the geometry of
the sediment-basement rock interface, and the inelastic and non-
linear soil behavior of the Kathmandu unconsolidated near-surface
sediments (namely the relative role of intrinsic attenuation, Q, and
sediment strain-dependent stiffness as presented for example in
Langston et al. (2003) and Chong and Ni (2009)) - have hindered so
far the resolution of these questions.

For example, while some of the observed site amplification char-
acteristics can be explained using a one-dimensional viscoelastic site
response model to fully understand the complexity of waveforms
and the amplitude and frequency shift in our mainshock observa-
tions relative to the weaker ground motions, one would need to con-
duct nonlinear numerical analyses of a detailed three-dimensional
model of the basin. On the other hand, the strong motion time
series alone presented in this work has played an important role
in motivating several ongoing studies that seek to shed light to the
above questions. These studies range from site characterization of
the Kathmandu sediments, to nonlinear soil testing, to numerical
investigation of the mainshock rupture including inelastic crustal
wave propagation and nonlinear site effects. The ultimate goal of
these ongoing studies is to develop region-specific, physics-based
reliable GMPEs, which in turn will yield improved building codes for
the Kathmandu basin and the country of Nepal at large.
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ABSTRACT

Ground acceleration of the 30 August 2013 (M4.9), South Tibet Earthquake has been recorded by five
accelerometers deployed in the Kathmandu Valley. Analysis of the ground acceleration record reveals that that
the EW component was dominant across the valley, and with the exception of one, all stations on sediments

recorded PGA much higher than the station on rock
spectral ratios of the horizontal components on soil

. The site response functions, evaluated as the Fourier
relative to the corresponding component on rock, are

remarkably similar in the low frequency range (<0.8 Hz) and reveal strong amplification that likely corresponds

to basin effects. By contrast, the high frequency site
likely attributed to the underlying stratigraphy of the

response shows strong variability across the soil sites,
shallow soil layers of the valley. The most pronounced

differences manifest in the frequency range >2Hz, which is consistent with the variability in PGA across the
valley. Because of the small intensity of this event, the empirical site response recorded can be, approximately,
considered linear. As such, this study establishes a reference for future studies on nonlinear site response,
which is likely to be triggered during future stronger earthquakes.

Key Words: Peak ground acceleration, Fourier amplitude spectra, ground response, spectral ratio
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INTRODUCTION

The Kathmandu valley is an intermontane tectonic basin
in the Lesser Himalaya of central Nepal. The valley hosts
Kathmandu, the capital city of Nepal, as well as two other
major cities, Patan and Bhaktapur, and many newly developing
urban areas. The population of the Kathmandu Valley is rapidly
increasing than ever before.

The valley has experienced varying degree of ground
shaking/destruction in the past earthquakes (Pandey and
Molnar 1988). The damage pattern of the 1934 (M 8.1)
earthquake (Bilham et. al. 1995), in particular suggests that
ground amplification due to fluvio-lacustrine sediments plays
a major role in intensifying the ground motion in the basin
(Paudyal et. al. 2013).

The valley has been reportedly destroyed many times in
the past by historical earthquakes (e. g. Chitrakar and Pandey
1986). Most recently, Kathmandu Valley was heavily damaged
by the 1934 Bihar-Nepal Earthquake (e.g., Pandey and Molnar
1988; Rana 1935 and NSET 2011). Rana (1935) compiled an

Revision accepted: May 20, 2014

extensive report on the destruction as well as casualties caused
by the 1934 earthquake. Pandey and Molnar (1988) and Paudyal
et. al. (2013) conclude that the variation in the destruction
pattern in the Kathmandu Valley was possibly a consequence
of variable ground response-Se of the Kathmandu Valley
sediments, which resulted in amplification of seismic wave
amplitudes. The estimated intensity distribution of the 1934
great earthquake (Fig. 1) varies from IX to X MMI (Pandey
and Molnar 1988, NSET 2011) within different unconsolidated
sedimentary deposits in the Kathmandu Valley.

Study of seismic ground response using ground
acceleration data for different parts of the valley has not been
previously possible in Kathmandu Valley because of lack of
accelerometers in the Valley. In this paper we present results on
seismic ground response of the Kathmandu Valley Sediments
using instrumentally recorded data of the 30" August 2013,
South Tibet Earthquake (M4.9) at five sites in the Valley (Fig 1).
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Fig. 1: Intensity distribution of the 1934 Bihar-Nepal Earthquake in the Kathmandu Valley (modified after NSET,
2011). The triangle shows the location of presently installed accelerometers in the Kathmandu valley.

GEOLOGICAL SETTING

The Kathmandu valley is located in the Lesser Himalaya
(Fig. 2). The basin falls in the Midland zone of the Lesser
Himalaya, and is bounded by the Mahabharat Lekh in the
south and the Shivapuri Lekh in the north. The basement of the
Kathmandu basin is a huge nappe (Kathmandu nappe) formed
by thrusting along Mahabharat Thrust (MT), probably the
southward extension of the Main Central Thrust (MCT). It is
made up of the Precambrian Bhimphedi Group and Paleozoic
Phulchoki Group (Stocklin 1980).

The Kathmandu basin-fill sediments unconformably lie
on the Kathmandu Complex rocks (Fig. 3). The sediments
range in age from 2.5 Ma to about 20 kyr with a total
thickness of about 600 m at the central part of the basin. The
sediments are divided into seven formations on the basis of
their sedimentary facies (Sakai 2001). The lowermost and
oldest unit is the Tarbhir Formation. It is mainly composed
of boulders and cobbles. The Lukondol Formation is a mud-
dominant sequence of marginal lacustrine facies. In the
southern part of the valley, The Lukondol Formation is overlain
by the Itaiti Formation. The Itaiti Formation is a cliff-forming
gravel dominant sequence. In the central part of the valley, the
Lukondol Formation is overlain by the Kalimati Formation,
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dominantly carbonaceous laminated clay. In the northern
part of the valley, The Kalimati Formation is overlain by the
Gokarna and Thimi Formation. Both the formation are made
up of fluvio-lacustrine sandy sediments. The Patan Formation
rests on the top of the basin sediments. It is also made up of the
fluvio-lacustrine sandy facies.

SEISMICITY

The Kathmandu Valley has witnessed a number of
destructive earthquakes in the past (e.g., Chitrakar and Pandey
1986; Bilham et. al. 1995; Bilham and Ambraseys 2004). The
destruction caused by the 1934 Bihar-Nepal Earthquake (M
8.1) and 1988 Udayapur earthquake (M6.5) are still in the
living memory of Nepali people.

The National Seismological Centre (NSC) of Department
of Mines and Geology (DMG) has been operating a network of
seismic stations designed to study micro-earthquakes in Nepal.
The network began operation in 1995 and has collected a large
volume of data. Pandey et. al. (1995) and Pandey et. al. (1999)
have studied the seismicity distribution in Nepal using data
from the network of the Department of Mines and Geology.
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Rajaure et. al. (2013) relocated the seismicity of
Nepal applying the double-difference relocation technique
(Waldhauser and Ellsworth 2000) to local ecarthquakes
recorded by seismic network of the Department of Mines and
Geology (DMG). The result of Double Difference Relocation
is presented in Fig. 4. The figure shows a continuous belt of
microseismic activity all along the Nepal Himalaya, which
constrains and better delineates the seismicity belt reported

85°

29°

Surkhe?

28’

earlier by Pandey et. al. (1995) and Pandey et. al. (1999). The
microseismic activity is intense in far-west Nepal and far-east
Nepal (Fig. 4). This belt is simple and narrow in the east of
82°E (Pandey et. al. 1999 and Rajaure et. al. 2013); however
it is complicated and is separated into two sub-parallel belts
between 82°E and 80°E. Majority of the local earthquakes
along the seismicity belt are shallow focus earthquakes with
depth ranging between 0 and 25 km.

86° 87° 88° 89°

30°

29°

28°
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26u (| 1 I I I 26° 0
80° 81" 82’ 83’ 84' 85° 86° 87’ 88’ 89°

Fig. 4: Epicenter distribution (1995-2004, MI>2.0) in Nepal (modified from Rajaure et. al. 2013). The epicenters are scaled to
depth. The red star stands for the 30 August 2013, South Tibet earthquake.

PREVIOUS STUDIES

Pandey (2000) studied the seismic response of the
Kathmandu valley sediments using microtremor data recorded
at 60 sites in the valley and implemented a quantitative
assessment of site amplification using horizontal relative
spectra of microtremor to a reference site. In his study, he
found that the predominant amplification peak is around 2 Hz,
whereas the relative peak amplification factor is about 12 to 15.

Bhattarai et. al. (2011) reported analysis of accelerometric
data recorded at DMG and at Kakani (KKN) site (about 20
km in the north of Kathmandu Valley on rock). They analyzed
two earthquakes one of which occurred at a distance of 25 km
(15 July 2010, M, 3.4 (NSC)), in Nepal, and other occurred
over 110 km distance (17 October 2010, M, 5.7 (NSC)) in
South Tibet. The study shows large peak ground acceleration
(PGA) at a hard rock site located at about 110 km from the
epicenter which they speculate might be caused by topographic
amplification at KKN.

Paudyal et. al. (2012) carried out seismic microzonation
of the Kathmandu Valley using microtremor data recorded
in the Kathmandu valley. They applied horizontal-to-vertical
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spectral ratio technique to estimate the predominant period at
the sites. They mentioned that the sites over thick sedimentary
deposit, in the central part of the valley, are characterized by
amplifications at long period. The authors point out that their
results raise concerns due to the continuing construction of
new multi-storied buildings in this part of the valley, since the
natural periods of these structures is likely to be close to the
fundamental period at sites of observation.

DATA

The National Seismological Centre (NSC) of the
Department of Mines and Geology (DMG), in collaboration
with Departement Analyse Surveillance Environnement
(DASE), France, has installed 8 accelerometers in Nepal to
study attenuation pattern of seismic wave amplitudes. One
of the eight accelerometer owned by DMG has been installed
in the premises of DMG at Lainchaur. Similarly, to study the
seismic ground response of the Kathmandu Valley sediments,
the Central Department of Geology (CDG) of the Tribhuvan
University, in collaboration with the Hokkaido University,
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Japan installed four accelerometers (KTP, TVU, PTN, THM
(Fig. 5, Table 1)) in different parts of the Kathmandu Valley
along an E-W profile. The accelerometer installed by DMG is
GeoSIG type (sampling rate 200 sps), operated on triggered
mode, and the other accelerometers installed by the TVU
comprise Mitsutoyo JEP-6A3-2 accelerometers (sampling rate
100 sps) operated on continuous mode.

We have used ground acceleration data of the 30
August 2013, South Tibet Earthquake recorded by all five
accelerometers installed in the Kathmandu Valley (Table 1,
Fig 5). This earthquake (Mb 4.9) occurred at 28.16°N latitude,
85.89°FE longitude (Fig. 4), at a depth of 54.6 km (USGS) at
17:48:42.98 (UTC time, USGS). The earthquake occurred
approximately 76 km in North-East direction from the
Kathmandu Valley, which was felt in all parts of the Valley.

A fault plane solution for this earthquake is not available;
however we presume a normal fault mechanism for this
earthquake based on fault plane solution of past earthquakes
in the area (Sheehan 2008; Torre et. al. 2007; Rajaure et. al.
2013).

Ground acceleration data recorded by five accelerometers
was cut at 17:47:41 UTC to produce a record length of about
90 seconds. 'Seismo Signal' software (Earthquake Engineering
Software Solutions) was used for necessary processing of the
data to determine ground motion amplitude parameters. The
data was band pass filtered between 0.1 and 25 Hz using a
Butterworth filter. DIAMANT, a Matlab tool (Hernandez, et.
al., 2011), was used to compute spectral ratio relative to the
rock site (KTP) as a reference.

Table 1: Location (coordinates) of accelerometers (Fig. 5) used in this study

Site code Latitude N) Longitude (E) Location
KTP (rock) 27.68182 85.27261 Kirtipur Municipality office
TVU (soil) 27.68145 85.28821 Central Department of Geology/TU
PTN (soil) 27.68082 85.31897 Engineering College, Pulchowk
THM (soil) 27.68072 85.3772 University Grant Commission Office, Bhaktapur
DMG (soil) 27.71881 85.31678 Department of Mines and Geology, Lainchaur

10 o 10

20 Kilometers

Fig. 5: Geology of the Kathmandu Valley (modified from Sakai and Kuwahara 2002) with the location of five accelerometers (black

triangles).
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RESULTS

Peak ground acceleration is one of the most common
parameters used in engineering applications. The records of
the ground acceleration history are presented in Fig. 6 through
Fig. 8 recorded by three components (E-W, N-S and V) at
KTP, TVU, PTN, THM and DMG sites respectively. The

maximum PGA (24 gal) is recorded by the E-W component
at the DMG site (Fig. 6), which is a soil site. Similarly, the
rock site (KTP) has recorded the smallest PGA (6 gal) on the
corresponding E-W component (Fig. 8). The PGA recorded by
the E-W component at TVU and THM sites are comparable
(Table 2, Fig. 6, 7 and 8).
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Fig. 6: Ground acceleration history recorded by east-west component at the five sites. Note the duration as well as the amplitudes,

at soil sites, are larger in comparison to the rock site (KTP) site.

Despite being a soil site, the PTN site (Pulchowk Campus,
Lalitpur) shows comparatively smaller PGA than at other soil
sites (TVU, THM and DMGQG). Smaller PGA at PTN site than

Table 2: Peak ground accelerations observed at five sites

expected implicates either bedrock is at shallow depth under
the area or the thickness of clay layers is small in comparison
to at other soil sites.

Peak ground acceleration (gal, 1 gal = 1 cm/sec?) recorded by accelerometers
Site
Vertical North-South East-West
KTP (rock) 7 7 6
TVU (soil) 7 10 16
PTN (soil) 5 8 8
THM (soil) 7 11 17
DMG (soil) 17 24
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Fig. 9: Peak ground acceleration (PGA)s observed by three components (E-W, N-S and V) of accelerometers at the five

sites (KTP is a rock site and others are soil sites.)

The Fourier amplitude spectra of the ground acceleration
history (for E-W and N-S components) are presented in Fig. 10.
Three soil sites (TVU, THM and DMG) show large peaks of
Fourier amplitudes distributed at frequencies between 2 Hz and
5 Hz. The N-S component at the rock site (KTP) reveals a peak
at a frequency larger than 5 Hz; however, the E-W component
shows two peaks at less than 5 Hz. The Fourier amplitudes at
the rock site are smaller, in the case of all components, than
that at the rock sites. Three soil sites, namely TVU, THM and
DMG show, more or less, similar characteristics, whereas PTN
shows difference.

Spectral ratios at a soil site relative to a reference site,
especially a rock site, are used to investigate site effect of the
subsurface geology to seismic motion. In this study, spectral
ratios are calculated assuming the PGA at the rock site (KTP)
represents the PGA at bedrock beneath the sedimentary deposit
in the Kathmandu Valley. The spectral ratios are calculated at
four soil sites (TVU, PTN, THM and DMGQG) relative to the
reference (rock) site (KTP). The spectral ratio (Fig. 11) shows
peaks (amplitude 30 to 50) at 0.3 to 0.5 Hz at the low frequency
range. Similarly there is another peak (amplitude 10 to 20) at
1.5 Hz of the record.
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DISCUSSION AND IMPLICATIONS

It is well known that the Kathmandu Valley experienced
substantial damage from the 1934 Bihar-Nepal earthquake.
This earthquake killed about 4,296 people (Pandey and Molnar
1988) in the Kathmandu Valley only. It was reported that the
destruction pattern was not same in the valley (Rana 1935;
Pandey and Molnar 1988). As per the earthquake intensity map
redrawn by NSET (2011), the KTP (rock) site falls in Modified
Mercalli Intensity (MMI) Zone VIII and the other sites, which
overlie thick sediments, fall in MMI zone IX. Such a variation
is attributed to the amplification of seismic wave amplitude in
areas underlain by soft sediments.

In this study also, we observed variations in the levels of
ground acceleration (PGA) as recorded by accelerometers at
different places in the valley. The largest ground acceleration
(24 gal) is recorded by the east-west (E-W) component of
the accelerometer installed in the Department of Mines and
Geology (DMG), which is a soil site. Similarly the smallest
acceleration (6 gal) on the horizontal components is recorded
by the E-W component at the reference (KTP, rock site).
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The peak ground accelerations (16 gal) recorded by
the E-W component (Fig. 7) at the TVU (soil site), which is
merely a few hundred meters from the KTP (rock site, Fig. 6),
and that recorded by the E-W component (17 gal) at the THM
(soil site), Sanothimi, Bhaktapur (Fig. 9) are almost equal.
The large difference in PGA observed between KTP (6 gal)
and TVU (16 gal) implicates geology is very different at these
two sites despite they are very close. It can be inferred that
the TVU, a soil site, possibly overlies thick succession of clay.
The accelerometer installed in the Pulchowk Campus, Institute
of Engineering, Lalitpur shows surprisingly smaller value of
PGA in comparison to other soil sites (DMG, THM, and TVU).
The smaller PGA and Fourier amplitude at PTN implicates that
possibly rock is present at shallow depth beneath the site.

The spectral ratio (Fig. 11) shows large amplitude at 0.3
to 0.5 Hz at the four soil sites (TVU, PTN, THM and DMG)
relative to the reference rock site (KTP). The peaks at 0.3 to
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0.5 Hz possibly represent the response of the basin, whereas
that at 1.5 Hz could be the one dimensional response of soil
column. Additionally, there are peaks at higher frequencies
(>1.5 Hz), which are different for each site. The peaks at higher
frequencies, which are different at the sites, are likely to be the
response of shallow sedimentary layers, implying that there is
strong spatial variability of soil properties across the valley.
The peaks at 0.3, 0.5 and 1.5 Hz correspond to buildings of
approximately 33, 20 and 6 stories respectively, which in turn
reveals the vulnerability of these structures to future events.

The four soil sites that cover a large fraction of the valley
surface show remarkable similarity (in low frequency range)
in terms of site amplification except in the very high frequency
range, and are dominated by long period amplification effects
due to resonance of the basin. This similarity doesn’t contradict
the PGA differences observed at the soil sites, because the
PGA is a high frequency characteristic of ground motion—
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namely, the sites that only differ in the very near surface in
terms of geology and have site amplification very similar
in longer periods, like THM, PTN and DMG, can still have
very different PGAs, especially since this event is very small
magnitude, and thus very rich in high frequencies.

CONCLUSIONS

The analysis of the ground acceleration data, recorded
by five accelerometers in the Kathmandu Valley, reveals the
response of the sediments of Kathmandu Valley to seismic
motion. The observed PGA is not the same at all the soil sites,
with the maximum value at DMG and the least at PTN. In the
low frequency range, all sites show similar characteristic in
terms of amplification, however at high frequencies, the pattern
is different. Such variation at high frequency range, possibly,
arises from the response of shallow sedimentary layers which,
possibly, varies from place to place.

The Kathmandu Valley has witnessed rapid urbanization
in the last two decades. The population in the Valley is
increasing very rapidly because of various reasons prevailing
in the country. It is very important to plan, in time, in order
to minimize the possible loss of lives and property from
unpredictable future earthquakes than rescuing afterwards. This
study is a small attempt to assess the response of the Kathmandu
Valley sediments to seismic ground motion in which ground
acceleration data of an earthquake that occurred at 76 km
distance from the valley and recorded by five accelerometers
in the valley is used. To get a better represented picture of the
ground response of the sedimentary deposit over the whole
area in the Kathmandu Valley, it is important to install and
operate a dense network of accelerometers, homogeneously
distributed and closely spaced, in the Kathmandu Valley.
The long term operation of such a network would help to
record earthquakes from a range of magnitudes, mechanisms,
distances and azimuths so that ground response of the valley
sediments could be better estimated and constrained. Findings
of such a study will be fundamental input in the seismic hazard
assessment, building code revision and seismic vulnerability
assessment of the valley, which would help to adopt appropriate
countermeasures to minimize the loss of lives and property
from future destructive earthquakes.

The result presented in this article is as observed for
the mentioned earthquake which occurred in South-Tibet and
should not be generalized in all cases because magnitude,
source-site distance, directivity of fault rupture, mechanism of
the fault rupture and azimuth of the causative fault plane to the
source also play a role in the ground response.
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ABSTRACT

The Gorkha Earthquake occurred on the gently dipping part of the Main Himalayan Thrust (MHT), close to the Main
Central Thrust (MCT). This earthquake possibly occurred in the source zone of the 1833 Nepal Earthquake (Mw 7.6),
which occurred after 182 years. The region between the 1905 Kangra Earthquake and 1934 Bihar-Nepal Earthquake has

not produced any great earthquake since the last 500 years and still remains a potential site for great earthquake(s) in

future. The Kathmandu Valley witnessed moderate ground acceleration and comparatively large velocity as recorded at

Kantipath during the Mw 7.8, Gorkha Earthquake. The analysis of the records show that high frequencies were damped

and low frequencies were dominant over the sedimentary basin, which can be attributed to the response of the sediments

underneath. Because of damping of high frequencies, the engineered, low storey buildings were less damaged and resisted

the ground shaking comparatively well. However, on the other hand, the historical monument 'Dharahara’ collapsed

completely and the high rise apartment buildings suffered more because of the dominance of low frequencies.

Keywords: Peak ground acceleration, predominant period, high frequency, low frequency and damping
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INTRODUCTION

The Himalayan Range is an active collisional orogen,
which is about 2400 km long. It falls in the boundary between
the Indian Tectonic Plate and the Eurasian Tectonic Plate. The
Indian Tectonic Plate is moving towards north at an average
velocity of about 4 cm a year relative to Eurasia (e.g. Bettinelli et
al. 2006). Approximately half of this convergence is absorbed
across the Himalaya in straining the crust and resulting in the
accumulation of elastic stress in the region. The accumulated
elastic stress is released in the form of earthquakes, when the
elastic stress exceeds the strength of surrounding rock. Large
earthquakes occur less frequently but are capable to cause
unimaginable loss of lives and property. It is a cyclic process,
because after the release of accumulated energy by large
earthquakes, accumulation of energy starts again for next large
earthquake right after. Small earthquakes occur frequently but
do not contribute much to release the stored elastic energy;
therefore large earthquakes are inevitable to release the energy
in time and again.

In the last century, the Himalaya hosted four destructive
earthquakes, which are the 1897 Shillong Earthquake (Mw
8.1), 1905 Kangra Earthquake (Mw 7.8), 1934 Bihar-Nepal
Earthquake (Mw 8.1) and 1950 Assam Earthquake (Mw 8.5)
(Ambraseys and Douglas 2004, Seeber and Armbruster 1981,
Khattri 1987, Molnar 1990, Molnar and Pandey 1989, Hough
and Bilham 2008, Yeats and Lillie 1991, Yeats et al. 1992). The
region between the 1934 Bihar-Nepal Earthquake (Mw 8.1)
and the 1905 Kangra Earthquake (Mw 7.8) has been reported

Revision accepted: June 25, 2015

not to have produced any great earthquake since the last five
hundred years. This stretch of the Himalaya has been termed as
seismic gap (Khattri 1987, 1992, Bilham et al. 1995), which is
suspected as the site of next great destructive earthquake in the
region in future. It should be noted that any earthquake source
region has a maximum magnitude potential, which depends
on the size (area and length) of the source zone but there is
probability of smaller (Mw <8.0) earthquakes (e. g. Kramer
2008) and therefore smaller earthquakes may also occur.

Nepal occupies about one-third arc length of the
Himalaya. It falls in a seismically high hazard zone (e. g. Thapa
and Wang 2013), which has been reported to have experienced
many destructive earthquakes in its written history. Since 1255,
the Kathmandu Valley has been reported to have experienced
five major destructive earthquakes in 1225, 1408, 1681, 1833
and 1934. The magnitudes of these earthquakes are estimated
to be more than 7.5 (Chitrakar and Pandey 1986, Bilham
et al. 1995, Pandey et al. 1995, Hough and Bilham 2008).
Among these, the 1934 Mw 8.1 Bihar-Nepal earthquake is the
most destructive one, which claimed more than 10,700 lives
in Nepal and adjoining part of India. This earthquake had a
maximum intensity of MMI X in the Kathmandu Valley, which
destroyed about 19% and damaged about 38% of the buildings
in the valley (Pandey and Molnar 1988, Rana 1935). The 18
September 2011 earthquake has been felt in six countries, i.e.
Bangladesh, Bhutan, China, India, Pakistan and Nepal, causing
the death toll of more than 100 people in the region (Thapa and
Wang 2013). The last great earthquake of 1934 is still in the
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living memory of elder people. This earthquake claimed about
4296 (e. g. Pandey and Molnar 1988) lives in Kathmandu
Valley only. Documented records of destruction reveal that
the Kathmandu Valley has experienced many destructive
earthquakes in the past (e.g. Chitrakar and Pandey 1984).

Similar reports of past destructive earthquakes from the
western part of Nepal are not available. An Mw 8.5 earthquake
reportedly destroyed the western part of Nepal along with the
adjoining part of south Tibet and north India (Bilham et. al.
2004). Thus, the region in western Nepal, between Gorkha and
Dehradoon of India was anticipated to host great earthquake(s).
In contrary to the anticipation, the Gorkha Earthquake (Mw
7.8) occurred in the region, which is believed to have hosted
the 1833 Nepal Earthquake (~Mw 7.6, Bilham). Thus, this
earthquake can be considered as a repeat of the 1833 (Mw 7.6)
Nepal Earthquake. The rupture of the the earthquake did not
propagate towards west and the energy stored in that region,
which is known as a 'seismic gap', is not released, therefore
the threat of great earthquake(s) in the west of Gorkha remains
unchanged.

Previous Works

The response of the Kathmandu Valley was first
studied by Pandey (2004). He used relative power spectra of
ambient noise recorded at 60 soil sites with reference to that
recorded at rock site in the Kathmandu Valley. He reported
that the amplified predominant frequency is at 2 Hz and the
amplification factor ranges between 12 and 15. Similarly there
are other peaks of amplification in the frequency range between
0.6 and 5 Hz, but the amplification factor varies across the
valley. The amplification factor is about 5 to 6 in the lacustrine
area, between 2 to 3 in transitional area and between 1 and 2
in fluviatile area.

Paudyal et al. (2012) applied horizontal-to-vertical ratio
of Fourier spectra (H/V ratio technique) of ambient noise
recorded at soil sites to estimate fundamental frequency at
different parts of the Kathmandu Valley. They reported that the
valley has fundamental frequencies in the range between 0.6
to 8.9 Hz in the central and northern part of the sedimentary
basin. In addition to the fundamental frequency, they report
other peaks between 4 and 6 Hz in the central and northern part
of the sedimentary basin.

Rajaure et al. (2014) investigated the response of the
Kathmandu Valley sediments using ground acceleration data
recorded in the Kathmandu Valley. It is the first investigation
of its kind in the Kathmandu Sedimentary basin, which used
acceleration data recorded at four soil sites and one rock site.
They used the ground acceleration data of the 30 August 2013,
South-Tibet Earthquake (M4.9) recorded at five sites in the
Kathmandu valley. They evaluated the site response function as
ratio of Fourier amplitude spectrum at soil site with reference
to that at a rock site. The response of the soil sites are found
remarkably similar in the low frequency domain (<0.8 Hz),
whereas variation in response can be noticed above 0.8 Hz.
The prominent variation exists at frequencies larger than 2 Hz,

which is in consistence with the variation of PGA across the
valley implying the shallow depth geology is inhomogeneous.
The earthquake was a smaller one and the variation of PGA
across the valley has been interpreted as the response of
shallow sedimentary layers, which possibly varies laterally
across the valley.

Gorkha Earthquake

The Kathmandu Valley and other northern districts
between Gorkha (in the west) and Dolakha (in the east) were
violently shaken by the 12 April 2015 Gorkha (Mw 7.8, USGS)
Earthquake. This is the largest earthquake after the 1934 Bihar-
Nepal Earthquake to hit Nepal. The earthquake occurred at
06:11:46 (UTC) in the morning and according to the National
Seismological Centre (NSC) of Department of Mines and
Geology (DMG), the earthquake occurred at 28.24° N latitude
and 84.75° E longitude with focal depth at 15 km. The Seismic
network of the Department of Mines and Geology has recorded
the earthquake and its aftershocks very well. The distribution
of aftershocks (source: www.seismonepal.gov.np) and the fault
plane solutions (source: www.isc.ac.uk ) depict that the Gorkha
Earthquake (Mw 7.8) and the 26 April aftershock (Mw 6.9)
occurred on east-west trending, low angle thrust fault (Fig. 1).

This Gorkha earthquake and its aftershocks have
caused massive destruction in the region between Gorkha and
Dolakha. The epicenter of this earthquake falls in the western
part of Gorkha District, at a distance of about 80 km from the
Kathmandu Valley. This earthquake was followed by a number
of aftershocks in which three aftershocks were strong ones.
The first aftershock of Mw 6.5 occurred on 25 April, which is
close to the the main shock. The second aftershock (Mw 6.9)
occurred on 26 of April in Dolakha District at about 80 km in
the north-east direction from the Kathmandu Valley and the
strongest aftershock (Mw 7.3) occurred on 12 May at about
80 KM in the north-east from the Kathmandu Valley. Based on
the distribution of aftershocks (Fig. 1) the Gorkha Earthquake
ruptured an area of about 150 km in the east-west direction and
40 km in the north-south direction. The Gorkha Earthquake and
its aftershocks have claimed more than 8500 lives officially.

Ground Motion Parameters

Peak ground accelerationis ahigh frequency characteristic
of ground motion. The observed accelerations during the
Gorkha Earthquake are smaller than what was expected and
therefore the intensity of this earthquake is comparatively low.
The epicentral intensity of this earthquake is about VIII and the
intensities in the Kathmandu Valley are only about VI to VII.
The peak ground acceleration (PGA) recorded at Kantipath
(USGS site) is about 182.5 cm/sec?® (Fig. 2a) on the vertical
component and on the horizontals it's even smaller. However,
on the other hand, the velocity is comparatively large (Fig. 2b).
Velocity is a low frequency characteristic of the ground motion
and is an important parameter for flexible type structures (tall
buildings).
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Fig. 1: The Gorkha earthquake (white star at the left), its strong aftershock (Mw 6.9) at the right (white star) and the aftershocks
(grey solid circles) which occurred by 30th of April. The black circles are the ML>4.0 earthquakes released by the National
Seismological Centre of Department of Mines and Geology (1994-2014). The black dashed rectangle is the inferred rupture area
of the Gorkha Earthquake. Fault plane solutions are from the International Seismological Centre (UK).
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Fig. 2: Ground acceleration (a) and velocity (b) recorded at Kantipath. The maximum peak ground acceleration is observed on
the vertical component, whereas the maximum peak ground velocity is observed on the east-west component.
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A Fourier amplitude spectrum depicts how the
amplitudes are distributed with frequencies (or period) in the
ground motion. Fig. 3(a) depicts the distribution of amplitudes
with frequency at the Kantipath site and reveals that the high

500

frequencies were damped and low frequencies were dominant.
The predominant frequency of the ground motion at Kantipath
is about 0.2 Hz. In addition to the peak at 0.2 Hz, two more
peaks are noticed at 0.6 Hz and 1.25 Hz in the spectra (Fig. 3a).
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Fig. 3: Fourier amplitude spectra of the ground motion at the Kantipath site (a) and H/V ratio of the ground motion (b). The

predominant frequency of the ground motion is about 0.2 Hz.

The ratio of Fourier spectrum of horizontal component to
that of the vertical component (known as H/V ratio) at a soil
site is commonly used to estimate the fundamental frequency
of the ground. This technique is commonly used to estimate
fundamental frequency of soil site using ambient ground noise.
In this study, the H/V ratio technique is applied to earthquake
data recorded at the Kantipath site. Here, the H/V ratio is
calculated using the following formula.

H/V ratio = \/ Fus® *Fen?

FVertical

Where, F ., F .., and F, stand for the Fourier amplitude of
north-south, east-west and vertical components of the ground

motion, at the corresponding frequencies, respectively.

The H/V ratio of the earthquake data recorded at
Kantipath is presented in Fig. 3(b). The figure shows that the
fundamental frequency of the ground is about 0.2 Hz (5 Sec).
The fundamental frequency of the ground closely correlates
with the predominant frequency of the ground motion.

DISCUSSION AND CONCLUSIONS

Great earthquake was anticipated in the region, west of
Gorkha District based on historical records of earthquakes and
paleoseismic investigation in the region. However, the Gorkha
Earthquake occurred in the region which is believed to have

4

produced the 1833, Nepal Earthquake. Therefore, the threat of
great earthquake in the west of Gorkha remains unchanged.

The Gorkha Earthquake occurred on a gently dipping
part of the Main Himalayan Thrust beneath the Gorkha
District. It ruptured an area of about 150 km in the east-west
direction and 40 km in north south direction. The rupture of
the earthquake did not propagate towards west of the epicenter,
possibly, because a major transverse structure exists close to
the epicenter as can be noticed in the result by Pandey et al.
(1999) and Rajaure et al. (2013), where the NW-SE, trending
seismicity belt is offset.

The Kathmandu Valley is underlain by thick succession
of sedimentary layers. During the Gorkha Earthquake, the
recorded peak ground acceleration was smaller than expected,
however the velocity was relatively large. Peak ground
acceleration is a high frequency characteristic of ground
motion, which is an important parameter to rigid structures
(small storey structures). During the Gorkha Earthquake,
high frequencies were damped and therefore majority of
the small storey structures survived the ground shaking. On
the other hand, the peak ground velocity is a low frequency
characteristic of ground motion and is an important parameter
to the flexible structures (tall buildings). The damage to tall
buildings correlates well with the large peak ground velocity.

The fundamental frequency of the Kantipath site is about
0.2 Hz. Similarly, there are two other peaks at 0.5 Hz and 1.5
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Hz, respectively. The peak at 0.2 Hz, observed in this study,
is not noticed in the report of Paudyal et. al. 2012. The peaks
at 0.2 Hz and 0.5 Hz possibly represent the basin response,
whereas the peak at 1.5 Hz represents the response of shallow
sedimentary layer. Multiple resonant frequencies at the site
implicate the possibility of resonance at different frequencies

The results presented here correspond to the Kantipath
site, which is a soil site and is in the middle part of the
Kathmandu Valley. The geology of the Kathmandu Valley is
highly variable and its response could be, different at different
places accordingly. A thorough investigation of ground
response in the Kathmandu Valley would be very helpful
to revise building code, strengthen existing structures of
historical values and would pave a way for land use planning
in the Kathmandu Valley.
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ABSTRACT

We have prepared a comprehensive earthquake catalogue for Nepal and its adjoining region. The catalogue contains magnitude -
homogenized independent earthquakes of magnitude (Mw) between 4.0 and 8.5, which occurred between 1100 AD and 2018 AD.
The catalogue contains date, time, latitude, longitude, depth, and magnitude of earthquakes, which are required in the study of seismic
activity, tectonics and seismic hazard. Primary earthquake catalogues were collected from the International Seismological Centre (ISC,
2015), United States Geological Survey (USGS), which contain instrumentally recorded earthquake data and date back to 1900 AD.
These primary catalogues of instrumentally recorded earthquakes were supplemented by historical earthquakes reported in published
literatures, which occurred before 1900 AD. The collected primary catalogues were compiled and processed to develop a comprehensive
catalogue. The developed comprehensive catalogue is expected to serve as a basic database for the study of seismic activity and seismic

hazard in Nepal and its adjacent area.
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INTRODUCTION

Earthquake catalogues provide us basic earthquake
information such as the time of earthquake occurrence, their
hypocenter locations (latitude, longitude and depth), and
magnitudes. The catalogues are often complemented by additional
information like damage or other effects. Earthquake catalogues
are important in the studies of seismotectonics, seismicity,
earthquake physics and hazard analysis (Woessner and Wiemer,
2005). The earlier instrumental records (before 1960) usually
had low resolution in time and amplitude, which were manually
analyzed. The present instruments and their records are different;
the high-resolution digital records are analyzed either interactively
or fully automated with the help of an expert.

To understand the seismic activity, seismotectonics and
seismic hazard of a region, a complete and magnitude-
homogenized catalogue of independent earthquakes is required.
The catalogue should contain historical, as well as instrumentally
recorded data of earthquakes. Such a catalogue provides us the
most direct information of the seismic activity of the region
considered.

In Nepal, earthquake catalogues have been prepared
specifically for previous studies on seismic hazard assessment
by various institutions and researchers (e. g., GSHAP, NBC-
105, Pandey et al., 2002; Thapa and Wang, 2013. Ojha et al.
(2013) published a catalogue for Nepal for the period between
1255 AD and 2012 AD. These works have compiled data which
were available by the time of their completion and do not agree
with each other in terms of time of coverage.
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This work has been undertaken to develop a composite
and comprehensive catalogue of independent earthquakes
collecting primary earthquake catalogues from various sources
and literatures published till 2017.

METHODOLOGY

Data collection

Primary earthquake catalogues are fundamental inputs
in the development of a comprehensive catalogue. Two types
of primary catalogues were collected in this study: instrumentally
recorded catalogues reported by various seismological agencies
and historical catalogues reported in published literatures.
Collected catalogues contain date, origin time, latitude, longitude,
depth, magnitude and magnitude type of selected earthquakes,
the locations of which fall in a rectangular region between 25°
N and 32° N latitude and 78° E and 92° E longitudes.

Catalogues of instrumentally recorded earthquakes were
collected from the International Seismological Centre (ISC)
and the United States Geological Survey (USGS), which date
back to 1901 AD (Fig. 1, Table 1). The ISC catalogue contains
5426 earthquakes of magnitude range between 1.2 and 8.2 since
1901 AD (Table 1, Fig. 1). Similarly, the USGS catalogue
contains 2056 earthquakes of magnitude range between 3 and
8 since 1908 AD (Table 1, Fig. 1).

Catalogues of the historical (pre-instrumental) earthquakes
were collected from published literatures (e. g., Bilham et al.,
2004; Ambrasseys and Douglas, 2004; Chitrakar and Pandey,
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Table 1: Earthquake data collected from different sources.

S.N.  Source From To Minimum Maximum Number  After
magnitude  magnitude compilation

1 USGS 1908 2017 3 2056 5451

2 ISC 1901 2017 1.2 8.2 5426

1986; Lave et al., 2005; Szeliga et al., 2010). Data of historical
earthquakes is available for strong earthquakes only which
reportedly caused considerable destruction in the past. The
location and magnitude of historical earthquakes were calculated
using empirical relations and macroseismic data of earthquakes
(e. g. destruction pattern, liquefaction pattern, and result of
paleoseismic investigations). The location and magnitude of
historical earthquakes are typically estimated from the intensity
of ground shaking and its geographical distribution. Therefore,
the location and magnitude of historical earthquakes, typically,
might have large uncertainties in comparison to those of
instrumentally recorded earthquakes.

The collected primary catalogues were merged into a
composite catalogue. The composite catalogue was checked for
duplicate events and such duplicate events were removed from
the catalogue. The total number of earthquakes in the composite
catalogue is 5451 for the magnitude range between 1.2 and 8.2.

Magnitude conversion

The composite earthquake catalogue contains earthquakes
collected from different sources (Table 1, Fig. 1), which have
reported different types of magnitudes (e. g., moment magnitude
(Mw), body wave magnitude (Mb), surface wave magnitude
(Ms) and local magnitude (Ml)). Moment magnitude is generally
considered the best overall estimate of an earthquake size and
does not saturate even at large earthquakes (Kanamori, 1977,
Hanks and Kanamori, 1979), therefore it is preferred in the
study of seismic activity, seismotectonics and seismic hazard.
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Fig. 1: Earthquake data collected and compiled in this study.
The instrumentally recorded (ISC and USGs) and historical
earthquakes were merged into the ’Composite’ catalogue.

In order to develop a comprehensive catalog of consistent
magnitude, the other type of magnitudes (Mb, Ms and MI) were
converted into moment magnitude (Mw) using the empirical
relations (Equation (1), Equation (2) and Equation 3) from
Scrodilis (2006). The number of Mw > 4.0 earthquakes increased
after magnitude conversion, which is demonstrated by Fig. 1
and Fig. 7. Other characteristics of the catalogue are presented
in Fig. 2 and Fig. 3.
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Mw =0.67(£0.005) * MS + 2.07(x0.03)  Eq. (1)

(For shallow earthquakes (depth <70 Km) and Ms
between 3.0 and 6.1),

MW =0.99(0.02) * MS + 0.08(+0.13) Eq. (2)
(for Ms between 6.2 and 8.2)
MW =0.85(0.04) * mb + 1.03(+0.23) Eq. (3)

(for Mb between 3.5 and 6.2)

Declustering

An earthquake catalogue may contain fore-shocks and
aftershocks in addition to mainshocks. A large size earthquake
is generally followed by a large number of aftershocks and
sometimes it is preceded by foreshocks. The foreshocks and
aftershocks are dependent events to the mainshock (Fig. 4). In
the study of seismotectonics, seismic activity and probabilistic
seismic hazard assessment, a catalogue of independent
earthquakes is required which follow the Poisson distribution
(e. g., Gardner and Knopoff, 1974; Shearar and Stark, 2011;
Abrahamson, 2006).

We used “Cluster 2000” code (USGS) to identify and
remove dependent events in the catalogue following Gardner
and Knopoff (1974) method. The code is freely available on
website of the USGS (#CLUSTER). The code uses spatio-

temporal window with reference to the mainshock to identify
and remove the dependent events. The seismicity after
declustering is presented in Fig. 5. The magnitude of
completeness in the declustered catalogue is Mw 4 (Fig. 6).

Completeness Test

The developed catalogue contains earthquakes of a range
of magnitudes, which are not available for the entire span of
time (1100 AD to 2017 AD). Large events are reported for
longer time but the small earthquakes are reported for short
time (Fig. 8).

To assess completeness of different magnitude classes,
we followed the Stepp (1972) technique. The technique divides
an earthquake catalogue into (T) time intervals and the magnitude
range into (n) magnitude classes. This test relies on the statistical
property of the Poisson distribution that highlights time intervals
during which the recorded earthquake occurrence rate does not
change. The test evaluates the stability of the mean rate of
occurrences (1) of events which fall in a predefined magnitude
range in a series of time windows (T). If the rate of occurrence
A is constant, then the standard deviation of the rate (o) varies
as 1/(T)%> and A is not stable if o deviates from the straight line
of the 1/(T)? slope. The length of the time interval for which
the standard deviation does not vary from the straight line is
the time interval of completeness for that particular magnitude
class. The complete time interval of each magnitude class is
visually determined from the plots.

Fig. 4: Epicenter distribution before declustering the composite catalogue. The clusters noticed in the figure are dependent
events. The dense cluster in Central Nepal represents the aftershocks of the 2015 Gorkha Earthquake. The scale stands

for depth (km).
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Fig. 5: Epicenter distribution after declustering of the compiled catalogue. Note that the clusters of aftershocks disappear

after declustering. The scale stands for depth (km)
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Fig. 6: Cumulative and non-cumulative distribution of
earthquake for different magnitude ranges (ISC catalogue).
The magnitude of completeness (Mc) for the study area is
Mw 4.0

In order to determine the completeness levels for different
magnitude classes, the catalogue was split into 8 time windows
of 100-year length between 1100 (first data entry in the catalogue)

before 1900 AD and 11 time windows of 10-year length after
1900 AD (Fig. 9). A summary of magnitude classes and their
respective complete time intervals (T) are presented in Fig. 10.
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Fig. 7: The number of earthquakes in the catalogues before
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Gutenberg-Richter relation

The Gutenberg-Richter relation is an empirical relation
between the magnitude (m) of earthquake and number (N) of
earthquakes with magnitude larger than ‘m’. It is a remarkable
feature of worldwide seismicity (Warner and Laura, 2003),
which is used to describe seismic activity (Takeo and Shimazaki,
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(1972) technique

2008). Ishimoto and lida (1939) and Gutenberg and Richter
(1944) proposed the relation in the following form.

Log,((Nm)=a—b *m

Where ‘N’ is the number of earthquakes per year with
magnitude equal to or larger than m. The a and b in the equation
are coefficients called a value and b value respectively. The a-
value’ describes total activity of earthquakes in the region
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whereas the b value gives relative number of large and small
earthquakes. When the b value increases, the number of large
earthquakes decreases compared to the number of smaller
magnitudes and vice versa. For active tectonic regions b value
is about 1 and for volcanic regions it is up to 2 or higher. The
a and b value are fundamental seismic parameters required in
probabilistic seismic hazard analysis. The b value is estimated
using least square method or the maximum likelihood method.
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Fig. 10: Completeness of different magnitude classes for
Himalaya and South Tibet

Table 2: Recurrence parameters for two tectonic zones
(Himalaya and South Tibet)

Region Method ‘a' value ‘b’ value
Maximum likelihood 5.3 0.9
Himalaya
Least square 5.2 0.95
Maximum likelihood 6.5 1.19
South Tibet
Least square 59 1.1

The common technique to estimate b value is the least squares
fit, which can lead to biased result and apparent errors may be
much smaller than the real ones. The maximum likelihood
method of Aki (1965) is the most accurate method to calculate
‘b’ value, but it requires large data sets. Monte Carlo simulations
and equations from Aki (1965) indicate that a minimum of 2000
earthquakes are required to calculate b to within 0.05 at 98%
confidence.

In the Nepal Himalaya, the earthquakes in the south of
the 3500 m elevation contour line, in majority, are
overwhelmingly found to have thrust mechanism, whereas those
in the north and above 3500 m contour line, in majority, have
normal fault mechanism (e. g., Rajaure et al., 2013). Earthquakes
in south Tibet, close to the Nepal-China border in north-east
show strike-slip mechanisms (e. g., Rajaure et al., 2013). To
estimate the ¢ and b value the prepared catalogue was divided
into two sub-regions (Himalaya and South Tibet) following the
mechanism of deformation in the region. The recurrence
parameters were estimated using the least square and maximum
likelihood method (Table 2, Fig. 11, and Fig. 12) for the Himalaya
and South Tibet, respectively.
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CONCLUSIONS

A comprehensive and composite catalogue has been
prepared for Nepal and its adjoining region between 25 N and
32 N latitude and 78 E and 92 E longitudes. The developed
catalogue contains 2589 events with Mw between 4.0 and 8.5,
for the period between 1100 AD and 2017 AD and the magnitude
of completeness (Mc) is Mw 4.0.

A completeness test of the catalogue was performed for
South Tibet and the Himalaya separately as they represent two
types of stress regimes, i. ¢. extensive and compressive,
respectively (e. g. Rajaure et al., 2013). The catalogue is
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complete for large earthquakes (Mw>8.0) for the entire span
of time (since 1100 AD) but is underreported for small magnitude
earthquakes. The completeness of small earthquakes improved
in the late 20th century, following the advent, continuous
development and expansion of instrumental networks. The
completeness test of the catalogue revealed that Mw 4, 4.5, 5,
5.5,6,6.5,7,7.5 and larger than Mw 8 are complete for 15,
35, 55,75, 100, 200, 300, 400 and 900 years, respectively for
the Himalaya and Mw 4, 4.5, 5, 5.5, 6, 6.5, 7 are complete for
15, 35, 55, 75, 100, 200, 300 years in their order for South
Tibet.

Earthquake recurrence parameters are estimated in south
Tibet and Himalaya separately; our analysis shows that strong
earthquakes are more common in the Himalaya than in South
Tibet.

The result of this work is expected to be useful in the
study of seismotectonics, earthquake activity and seismic hazard
assessments.
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APPENDIX 2

Participation in International Conferences

Appendix 2-1: The 10th ASC General Assembly (ASC 2014) Makati City, Philippines 17-20 November
2014- Conference




Appendix 2-2: The 11th Asian Regional Conference of International Association of Engineering
Geology and Environment (IAEG), November 28-30, 2017, Kathmandu, Nepal.




APPENDIX 3

National earthquake hazards reduction program (NEHRP) (www.nehrp.gov) soil
classification system. Where Vs, stands for shear-wave velocity of upper 30 m thick

soil profile.

NEHRP Class | Soil description Shear-wave velocity
A Hard rock Vs3> 1500

B Firm to hard rock 760 < Vs3p <1500

C Dense soil and soft rock 360 < Vs30< 760

D Stiff soil 180 < Vs30< 360

E Soft soil Vs3z0< 180

F Soil requiring site-specific evaluations




APPENDIX 4

Local earthquakes relocated usingdouble difference relocation technique (Waldhauser
and Wellsworth (2000), (Rajaure et al.,2013). There are noticeable lateral variations in
the seismicity belt. These variations correlate with geological structures (Appendix 8).
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APPENDIX 5

Geological map of Nepal (Department of Mines and Geology, 1987).
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APPENDIX 6

Active fault distribution in Nepal (based on the work of Nakata, 1982, Nakata et al.,
1984 and Nakata & Kumahara, 2000)
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APPENDIX 7

Google Earth image of Nepal and surrounding region with relocated seismicity by
Rajaure et al. (2013). Lineaments and some of the faults can be identified in this
imageLateral variation (demarcated by NE-SW blue dashed line) in seismicity belt is

very interesting and was used in the delineation of earthquake sources.

Google Earth




APPENDIX 8

Geological structures, fold axis and lineaments in the region, compiled by the author
from different sources. The two stars are the 2015 Gorkha Earthquake (left) and

Dolakha Earthquake (right). (Modified from Rajaure et al., 2013)
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APPENDIX 9

Subsurface ridges in north India. These ridges are supposed to control the rupture size
and maximum magnitude of earthquakes in the Himalaya (Gahalaut V. K. and Kundu
B., 2012)
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APPENDIX 10

Possible segments along the Himalaya and their potential magnitudes at the present
(Bilham, 2019)
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APPENDIX 11

Potential earthquake sources, identified in the present study. There are altogether nine

source models (Appendix 11-1 to 11-9).

Appendix 11-1: This model (Model-1) contains segments of the MHT only. The northern border
corresponds to the seismicity belt in Nepal Himalaya, which correlates with the boundary between

locked part of MHT in the south and aseismically creeping part in the north. The model has seven

sources, with maximum potential magnitude (Mw) between 8.0 and 8.2.
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Appendix 11-2: This model (Model-2) also consists of seven sources. These sources represent the
northern (half) rupture of Model-1. This model has been considered because earthquakes of Gorkha
Earthquake size and rupture are believed to be common than Model-1. The maximum potential

magnitude (Mw) ranges between 7.8 and 8.0.
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Appendix 11-3: This model (Model-3) also has seven sources. This model is considered to represent the
southern ruptureof the sources in Model-1, which did not rupture during the 2015 Gorkha Earthquake.
This model has 20 km depth in the northern border and 10 km in the south. The maximum potential

magnitude of the sources rangesbetween Mw 7.8 and 8.0.
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Appendix 11-4: This model (Model-4) has twenty sources. The depth of northern border of the sources
(M4-4 to M4-12) is 10 km and 0 km in the south. The maximum potential magnitudes of the sources

ranges between Mw 7.5 and 8.2.
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Appendix 11-5: This model (Model-5) considers sources from the Himalaya (MHT) as well as

the

surrounding region. There are altogether 21 sources with maximum potential magnitude between Mw 7.5

and 8.2.
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Appendix 11-6: This model (Model-6) has 24 potential sources from Himalaya and the surrounding

region. The maximum potential magnitude of the sources is between 7.5 and 8.4.
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Appendix 11-7: There are altogether 15 sources in this model (Model-7). The maximum potential

magnitude of the sources ranges between 7.5 and 8.3.
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Appendix 11-8: This model (Model-8) has 18 sources from the Himalaya and the adjoining region. The

maximum potential magnitude of the sources ranges between 7.5 and 8.5.
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Appendix 11-9: This model (Model 9) has 24 earthquake sources. The maximum potential magnitude of

the sources ranges between 7.5 and 8.5.
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APPENDIX 12

Generalized section across the Himalaya (USGS poster). The Main Himalayan Thrust
(MHT) is the detachment surface (MHT) on which slip occurs during earthquakes. The
red line on MHT is the slip that occurred during Gorkha Earthquake. In the source
models a simple model is assumed, where the depth of the source (segment of MHT) in

the north correlates with the cluster of earthquakes and in the south it joins the MFT.
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APPENDIX 13

Variation in PGA with variation in depth of source plane. Common source model,
common attenuation relation, common earthquake recurrence parameters were used in
this test.

Appendix 13-1: Seismic hazard map with 20 km depth fixed to all vertices of the sources in Model-1
(Appendix 11-1). The maximum PGA is about 0.5 g in the far-west.
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Appendix 13-2: Seismic hazard map with 5 km depth fixed to northern vertices of Model-1(Appendix
11-1). The maximum PGA is about 0.55 g in the far-west and the shapes of zones are in the middle of
north-south stretch.
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Appendix 13-3: Seismic hazard map with 10 km fixed depth to all vertices of the sources in Model-1
(Appendix 11-1). The maximum PGA is about 0.55 g. The shape of the PGA values got denser in the

south on account of the hanging wall

effect because of the geometry of the MHT.

84°E 85°E

30°N

z § ] ‘

& R

Q ; { ;'\\\\\\\\ S
0 Birendranagal \}ii\: —

28°N

27°N

Tibet

81°E 82°E 83°E

84°E 85°E 86°E

Appendix 13-4: Seismic hazard map with 20 km depth fixed to the vertices in the north of the sources in

Model-1 (Appendix 11-1) and 0 km in the south. The maximum PGA is about 0.55 g in the far-west and

the oval shapes of zones are getting shorter in the N-S direction because of hanging wall effect of the

sources.
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Appendix 13-5: Seismic hazard map with 50 km depth fixed to the vertices in the north.Model-1

(Appendix 11-1). The maximum PGA is about 0.5 g in the southern part of far-west. The change in the

shape of the contours can be noticed between this map and the previous one. Because of hanging wall

effect and depth > 50 km north, the higher PGA contours are concentrated in the southern part of Nepal.
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Appendix 13-5: Seismic hazard map with 50 km depth fixed to all vertices of the sources in Model-1

(Appendix 11-1). The maximum PGA is about 0.27 g in the southern part of far-west. The change in the

shape of the contours can be noticed between this map and the previous one. Because of hanging wall

effect and depth > 50 km north, the higher PGA contours are concentrated in the southern part of Nepal.
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APPENDIX 14

Variation in seismic hazard with variation in maximum potential magnitude. Common
model (Appendix 11-1), common attenuation relation and common recurrence
parameters were used in this test.

Appendix 14-1: Seismic hazard map using maximum potential magnitude (Mw) 6.5. The maximum
PGA is about 0.4 g in far-west and 0.3 g in Kathmandu Valley.
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Appendix 14-2: Seismic hazard map using (Mw) 7.0 as maximum potential magnitude. The maximum

PGA is about 0.45 g in a small area in far-west and 0.3 g in Kathmandu Valley.
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Appendix 14-3: Seismic hazard map using (Mw) 7.5 as maximum potential magnitude. The maximum

PGA is about 0.5 g in a small area in far-west and 0.35 g in Kathmandu Valley.
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Appendix 14-4: Seismic hazard map using (Mw) 8.0 as maximum potential magnitude of sources. The
maximum PGA is about 0.5 g in a small area in far-west and 0.4 g in Kathmandu Valley.
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Appendix 14-5: Seismic hazard map using (Mw) 8.5 as maximum potential magnitude. The maximum

PGA is about 0.55 g in a small area in far-west and 0.4 g in Kathmandu Valley.
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APPENDIX 15

Maximum potential magnitude and earthquake recurrence parameters of identified

earthquake sources. The magnitudes of the earthquake sources, which are segments of

the MHT were calculated using Equations 1, 2, 3, and 4. The magnitudes of other

sources from South Tibet and north India were fixed to Mw 7.5 as we don't have data of

large earthquakes and experience in those regions.

Appendix 15-1: Maximum potential magnitude and earthquake recurrence parameters of sources in

Model-1 (Appendix11-1). The maximum potential magnitude of Model-2 and Model-3 were estimated

assuming half rupture area of the corresponding sources in Model-1.

Max Mw
Source
a-value b-value

M1-1 4.3 0.95 0.37 2.19 8.2
M1-2 3.9 0.95 0.14 2.19 8.2
M1-3 4.2 0.95 0.27 2.19 8.2
M1-4 4.4 0.95 0.45 2.19 8.1
M1-5 4.4 0.95 0.40 2.19 8.2
M1-6 4.1 0.95 0.22 2.19 8.1
M1-7 41 0.95 0.23 2.19 8.3

Appendix 15-2: Maximum potential magnitude and earthquake recurrence parametersof sourcesin

Model-2 (Appendix 11-2).

Max Mw
Source
a-value b-value

M2-1 4.3 0.95 0.37 2.19 7.9
M2-2 3.9 0.95 0.14 2.19 7.9
M2-3 4.2 0.95 0.27 2.19 7.9
M2-4 4.4 0.95 0.45 2.19 7.8
M2-5 4.4 0.95 0.40 2.19 8.0
M2-6 4.1 0.95 0.22 2.19 7.8
M2-7 4.1 0.95 0.23 2.19 8.0




Appendix 15-3: Maximum potential magnitude and earthquake recurrence parameters of sources in
Model-3 (Appendix 11-3).

Mmax
Source
a-value b-value

M3-1 4.3 0.95 0.37 2.19 7.9
M3-2 3.9 0.95 0.14 2.19 7.9
M3-3 4.2 0.95 0.27 2.19 7.9
M3-4 4.4 0.95 0.45 2.19 7.8
M3-5 4.4 0.95 0.40 2.19 8.0
M3-6 4.1 0.95 0.22 2.19 7.8
M3-7 4.1 0.95 0.23 2.19 8.0

Appendix 15-4: Maximum potential magnitude and earthquake recurrence parametersof sourcesin
Model-4 (Appendix 11-4).

Source a-value b-value Mmax

M4-1 4.2 1.1 0.05 2.53 7.5
M4-2 4.2 1.1 0.13 2.53 7.5
M4-3 49 1.1 0.26 2.53 7.5
M4-4 4.3 0.95 0.32 2.19 8.4
M4-5 4.3 0.95 0.39 2.19 8.2
M4-6 3.9 0.95 0.15 2.19 8
M4-7 4.2 0.95 0.30 2.19 8.2
M4-8 4.0 0.95 0.16 2.19 8
M4-9 4.2 0.95 0.25 2.19 8.1
M4-10 4.5 1 0.34 2.30 7.5
M4-11 4.5 0.95 0.60 2.19 5.2
M4-12 4.4 0.95 0.50 2.19 8.3
M4-13 5.3 1.1 0.64 2.53 7.5
M4-14 5.1 1.1 0.44 2.53 7.5
M4-15 49 1.1 0.28 2.53 7.5
M4-16 5.1 1.1 0.44 2.53 7.5
M4-17 5.3 1.1 0.59 2.53 7.5
M4-18 5.2 1.1 0.50 2.53 7.5
M4-19 5.1 1.1 0.40 2.53 7.5
M4-20 5.0 1.1 0.32 2.53 7.5




Appendix 15-5: Maximum potential magnitude and earthquake recurrence parametersof sourcesin
Model-5 (Appendix 11-5)

Source a-value b-value Mmax

M5-1 4.4 1.1 0.07 2.53 7.5
M5-2 45 1.1 0.11 2.53 7.5
M5-3 4.6 1.1 0.11 2.53 7.5
M5-4 5.0 1.1 0.32 2.76 7.5
M5-5 3.7 0.95 0.09 2.19 8.3
M5-6 4.4 0.95 0.48 2.19 8.2
M5-7 3.8 0.95 0.11 2.19 7.9
M5-8 4.0 0.95 0.20 2.19 8.1
M5-9 4.8 1 0.56 2.53 8.1
M5-10 4.3 0.95 0.35 2.19 7.9
M5-11 4.1 0.95 0.20 2.19 7.9
M5-12 4.4 0.95 0.50 2.19 7.5
M5-13 4.2 0.95 0.28 2.19 7.7
M5-14 4.6 1 0.44 2.19 8.2
M5-15 49 1.1 0.26 2.53 7.5
M5-16 5.2 1.1 0.50 2.53 7.5
M5-17 4.9 1.1 0.23 2.53 7.5
M5-18 4.9 1.1 0.27 2.53 7.5
M5-19 4.7 1.1 0.14 2.53 7.5
M5-20 5.0 1.1 0.29 2.53 7.5
M5-21 5.2 1.1 0.51 2.53 7.5




Appendix 15-6: Maximum potential magnitude and earthquake recurrence parametersof sourcesin
Model-6 (Appendix 11-6).

Source a-value b-value Mmax

M6-1 3.3 1.1 0.04 2.53 1.5
M6-2 3.7 1.1 0.08 2.53 7.5
M6-3 3.8 1.1 0.13 2.53 7.5
M6-4 4.6 1.1 0.72 2.53 7.5
M6-5 4.1 0.95 0.21 2.19 8.2
M6-6 4.2 0.95 0.30 2.19 8.1
M6-7 3.9 0.95 0.13 2.19 8
M6-8 4.2 0.95 0.30 2.19 8.3
M6-9 4.0 0.95 0.18 2.19 8.1
M6-10 4.1 0.95 0.20 2.19 8
M6-11 4.5 0.95 0.56 2.19 8.4
M6-12 4.4 0.95 0.49 2.19 8.5
M6-13 3.9 1.1 0.14 2.53 7.5
M6-14 4.6 1.1 0.14 2.53 7.5
M6-15 4.2 1.1 0.05 2.53 7.5
M6-16 4.1 1.1 0.04 2.53 7.5
M6-17 4.5 1.1 0.10 2.53 7.5
M6-18 4.5 1.1 0.09 2.53 7.5
M6-19 4.7 1.1 0.17 2.53 7.5
M6-20 4.6 1.1 0.13 2.53 7.5
M6-21 4.6 1.1 0.14 2.53 7.5
M6-22 3.9 1.1 0.03 2.53 7.5
M6-23 4.5 1.1 0.17 2.53 7.5
M6-24 4.1 1.1 0.16 2.53 7.5




Appendix 15-7: Maximum potential magnitude and earthquake recurrence parametersof sourcesin
Model-7 (Appendix 11-7).

Source a-value b-value Mmax

M7-1 3.8 0.95 0.12 2.19 7.5
M7-2 4.0 0.95 0.20 2.19 7.5
M7-3 3.9 0.95 0.15 2.19 7.5
M7-4 4.5 0.95 0.54 2.19 8.2
M7-5 4.0 0.95 0.17 2.19 7.9
M7-6 4.4 0.95 0.42 2.19 8.2
M7-7 4.4 0.95 0.50 2.19 8.2
M7-8 4.8 1 0.57 2.30 8.3
M7-9 45 0.95 0.61 2.19 8.3
M7-10 4.8 1.1 0.19 2.53 7.5
M7-11 4.2 1.1 0.05 2.53 7.5
M7-12 4.3 1.1 0.07 2.53 7.5
M7-13 4.6 1.1 0.12 2.53 7.5
M7-14 5.0 1.1 0.28 2.53 7.5
M7-15 5.0 1.1 0.28 2.53 7.5




Appendix 15-8: Maximum potential magnitude and earthquake recurrence parametersof sourcesin

Model-8 (Appendix 11-8).

Source a Mmax

M8-1 3.5 0.95 0.06 2.19 7.5
M8-2 2.7 0.95 0.01 2.19 7.5
M8-3 2.7 0.95 0.01 2.19 7.5
M8-4 2.6 0.95 0.01 2.19 7.5
M8-5 4.8 0.95 1.19 2.19 7.5
M8-6 4.3 0.95 0.40 2.19 8.4
M8-7 4.4 0.95 0.54 2.19 8.4
M8-8 44 0.95 0.51 2.19 8.5
M8-9 4.4 0.95 0.56 2.19 8.5
M8-10 49 0.95 1.45 2.19 8.5
M8-11 45 0.95 0.62 2.19 8.6
M8-12 41 0.95 0.22 2.19 7.5
M8-13 5.3 1.1 0.79 2.53 7.5
M8-14 5.6 1.1 1.47 2.53 7.5
M8-15 5.7 1.1 1.87 2.53 7.5
M8-16 5.3 1.1 0.67 2.53 7.5
M8-17 5.6 1.1 1.42 2.53 7.5
M8-18 4.8 1.1 0.5 2.53 7.5




Appendix 15-9: Maximum potential magnitude and earthquake recurrence parametersof sourcesin

Model-9 (Appendix 11-9).

Source a b A B Mmax
M9-1 4.3 0.95 0.34 2.18 8.4
MO9-3 4.7 1.10 0.18 2.53 7.5
M9-4 4.3 1.10 0.06 2.53 7.5
M9-5 3.6 1.00 0.04 2.303 7.5
M9-6 4.3 0.95 0.35 2.18 8.3
M9-7 4.8 1.10 0.22 2.53 7.0
MO9-8 4.8 1.10 0.2 2.53 7.5
M9-9 4.8 1.10 0.2 2.53 7.5
MO9-10 4.0 0.95 0.2 2.18 8.1
M9O-11 4.6 1.10 0.14 2.53 7.5
M9-12 4.7 1.10 0.16 2.53 7.5
MO9-14 4.2 1.10 0.05 2.53 7.5
MO9-15 4.7 1.10 0.15 2.53 7.5
MO9-16 5.6 1.20 0.38 2.76 7.5
MO-17 3.8 0.95 0.12 2.18 8.0
MO9-18 4.2 0.95 0.31 2.18 8.2
MO9-19 5.6 1.20 0.39 2.76 7.5
M9-20 4.3 0.95 0.39 2.18 8.3
M9-21 4.3 0.95 0.4 2.18 8.4
M9-22 5.0 1.20 0.1 2.76 7.5
M9-23 4.5 1.10 0.1 2.53 7.5
M9-24 4.0 0.95 0.2 2.18 8.3




APPENDIX 16

Variation of seismic hazard with variation in b-value. The b-value was changed from
0.7 to 1.2 successively with the increment of 0.1. Common attenuation relation,
common source model (Model-1) and common earthquake recurrence parameters were

used in the following tests.

Appendix 16-1: Seismic hazard map prepared using b-value 0.7. The PGA is as high as 0.75 in the far-
west and 0.6 in the Kathmandu Valley.

Appendix 16-2: Seismic hazard map prepared using b-value 0.8. The PGA is as high as 0.6 g in the far-
west and 0.5 g in the Kathmandu Valley.




Appendix 16-3: Seismic hazard map prepared using b-value 0.9. The PGA is as high as 0.5g in the far-
west and 0.45 g in the Kathmandu Valley.

30°

29°N

27°

Appendix 16-4: Seismic hazard map prepared using b-value 1.0. The PGA is as high as 0.4 g in the far-
west and 0.35 g in the Kathmandu Valley.
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Appendix 16-5: Seismic hazard map prepared using b-value 1.1. The PGA is as high as 0.35 g in the far-
west and 0.3 g in the Kathmandu Valley.
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Appendix 16-6: Seismic hazard map prepared using b-value 1.2. The PGA is as high as 0.3 g in the far-
west and 0.25 g in the Kathmandu Valley.
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APPENDIX 17

Variation in seismic hazard with different catalogues and differently estimated a- and b-
values.
Appendix 17-1: Seismic hazard map prepared using an earthquake catalogue, which contains data since

1900 AD. The a- and b-values of the sources (Appendix 11-1) were calculated applying least square
method.

Appendix 17-2: Seismic hazard map prepared using data since 1900 AD. A fixed b-value f (0.95) was
applied to all sources (Appendix 11-1) and a-values were calculated from the data.
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Appendix 17-3: Seismic hazard map prepared using data since 1100 AD. The a- and b-values of the
sources (Appendix 11-1) were calculated applying least square method. The maximum PGA is larger
than that in Appendix 17-2.
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Appendix 17-4: Seismic hazard map prepared using earthquake parameters from the instrumental data
available since 1100. A fixed b-value (0.95) was used to recalculate the a-values of the sources
(Appendix 11-1). The maximum PGA is larger than that in Appendix 17-3.
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Appendix 17-5: Seismic hazard map prepared using data since 1964. After 1964, there is regular
reporting of earthquakes up to Mw 4.0. The b-value was fixed to 0.95 and a-values were recalculated

from data. The maximum PGA is comparable to Appendix 17-4.




APPENDIX 18

Attenuation relations (also called ground motion prediction equation (GMPE)), which

were used in this study.

Appendix 18-1: Attenuation relations for subduction zone. The Atkinson and Boore (2003) relation was

not used in hazard calculations because it produces considerably small hazard (Appendix 19-2)
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Appendix 18-2: Description of attenuation relations for subduction zone.

Attenuation relations

Zhaoet
Features al. Young’s et | BcHydro(2 | Atkinson And Arroyo and
(2006) al. (1997) | 016) Boore (2003) Singh (2017)
Cascadia, Japan,
USA and NGA- Mexico, Central | India and
Database Iran Global Westt-2 America Nepal
Valid
Distance
(Km) 0-300 10-500 10-300 1-300 0-1000
Distance
metric Rrup Rrup Rrup Rup Rrup
Spectral
Period (s) 0-5 0-5 0-10 0-3 0.01-6
Magnitude
(Mw) 5-8.3 5-8.5 6-8.4 5-8.5 5-8.0
Unit gal gal g gal gal




Appendix 18-3: Attenuation relation for shallow-active crustal earthquakes (normal fault earthquakes).
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Appendix 18-4: Attenuation relations for subduction zone. The Atkinson and Boore (2003) relation

produces the smallest PGA, therefore was not used. The other four relations were used in this study using

a logic tree with equal weight for earthquake sources in the Himalaya (MHT).

Attenuation relations

Abrahamson, Chiou and
Features Silva and Boore etal. | Youngs Campbell and
Kamai (2014) | (2014) (2014) Bozorgnia (2014)
NGA-West- | NGA-Westt-
Database NGA-West-2 | 2 2 NGA-Westt-2
Valid Distance
(Km) 0-300 0-400 0-300 0-300
Distance metric Rrup Jyb Rrup Rup
Spectral Period (s) | 0-10 0-10 0-10 0-10
Magnitude (Mw) | 3-8.5 3-8.5 3.5-8 3-8.5
Unit g g g g




APPENDIX 19

Common earthquake recurrence parameters to different attenuation relations, common
attenuation relation and common source models were applied to different attenuation
relations.

Appendix 19-1: Seismic hazard map prepared using Youngs et al. (1997) attenuation relation. This

relation is for subduction region. The maximum PGA is larger than 0.85 g in the far-west and over 0.6 ¢
in the Kathmandu Valley.




Appendix 19-2: Seismic hazard map prepared using Atkinson and Boore (2003) attenuation relation.
This relation is for subduction region. The maximum PGA is very small (0.8 g) in the far-west and 0.14 g

in the Kathmandu Valley in comparison to other relations.
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Appendix 19-3: Seismic hazard map prepared using Zhao et al. (2006) attenuation relation. The

maximum PGA is larger than 0.5 g in the far-west and over 0.3 g in the Kathmandu Valley.




Appendix 19-4; Seismic hazard map prepared using BC-Hydro (2016) attenuation relation. The

maximum PGA is larger 0.4 g than in far-west and over 0.25 g in the Kathmandu Valley.
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Appendix 19-5: Seismic hazard map prepared using Arroyo and Singh (2017) attenuation relation. The

maximum PGA is larger than 0.28 g in the far-west and over 0.22 g in the Kathmandu Valley.
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Appendix 19-6: Seismic hazard map prepared using Atkinson, Silva and Kamai (2014) attenuation
relation. This relation and other relationsonwards are for active shallow crustal earthquakes. The
maximum PGA is larger than 0.5 g in the far-west and over 0.4 g in the Kathmandu Valley.
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Appendix 19-7: Seismic hazard map prepared using Boore et al. (2014) attenuation relation. The

maximum PGA is larger than 0.55 g in the far-west and over 0.35 g in the Kathmandu Valley.
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Appendix 19-8: Seismic hazard map prepared using Campbell and Bozorgnia (2014) attenuation
relation. The maximum PGA is larger than 0.55 g in the far-west and over 0.35 g in the Kathmandu
Valley.
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Appendix 19-9: Seismic hazard map prepared using Chiou and Youngs (2014) attenuation relation for
active shallow crustal earthquakes. The maximum PGA is larger than 0.5 g in the far-west and over 0.35
g in the Kathmandu Valley.
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APPENDIX 20

Seismic hazard maps prepared using different source models. Nine different source

models were used with common attenuation relation and common earthquake

recurrence parameters.
Appendix 20-1: Seismic hazard map prepared using Model-1 (Appendix 11-1).. The largest PGA is 0.55

g in the far-west.
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Appendix 20-2: Seismic hazard map prepared using Model 2 (Appendix 11-2). The high hazard is in the
middle part because northern half area (rupture scenario) of Model-2 (Appendix 11-2) was used as a
source. The sources have 20 km fixed depth in the north and 10 km in their southern part. The largest
PGA is 0.5 g in the far-west and larger than 0.4 in the Kathmandu Valley.
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Appendix 20-3: Seismic hazard map prepared using Model-3 (Appendix 11-3). The sources have 10 km
fixed depth in the north and 0 km in their southern border, where MHT emerges to the surface along
MFT. The largest PGA is 0.7 g in the far-west and larger than 0.3 in the Kathmandu Valley.
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Appendix 20-4: seismic hazard map prepared using Model 4 (Appendix 11-4). The high hazard is in the
southern part because of the geometry of the earthquake sources. The largest PGA is larger than 0.5 g in

the far-west and larger than 0.4 in the Kathmandu Valley.
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Appendix 20-5: seismic hazard map prepared using Model 5 (Appendix 11-5). The largest PGA is 0.4 g

in the far-west and larger than 0.4 in the Kathmandu Valley.
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Appendix 20-6: seismic hazard map prepared using Model 6 (Appendix 11-6). The largest PGA is larger
than 0.5 g in the southern part of far-west and larger than 0.4 in the Kathmandu Valley.
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Appendix 20-7: seismic hazard map prepared using Model 7 (Appendix 11-7). The largest PGA is larger
than 0.45 g in the southern part of far-west and larger than 0.35 in the Kathmandu Valley.
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Appendix 20-8: Seismic hazard map prepared using Model 8 (Appendix 11-8). The high hazard is in the
southern part because of hanging wall effect. The sources have 20 km fixed depth in the north and 10 km
in their southern border. The largest PGA is 0.5 g in the far-west and larger than 0.4 in the Kathmandu
Valley.
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Appendix 20-9: seismic hazard map prepared using Model-9 (Appendix 11-9). The high hazard is in the
southern part because of hanging wall effect. The largest PGA is 0.5 g in the far-west and larger than 0.4

in the Kathmandu Valley.
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APPENDIX 21

Seismic hazard maps prepared using logic tree method.

The seismic hazard map (Appendix 21-1) was prepared using two sets of attenuation
relations (Appendix 18-1 and 18-2). Attenuation relations as described in Appendix 18-
1 were applied to segments of the MHT and its adjacent area in the south. The sources
in South Tibet were applied the second sets of attenuation relation (Appendix 18-2).
The six source models and two sets of attenuation relations, each were given equal
weight to produce the final map (Figure 50). Fixed b-value and recalculated a-value
were applied to prepare Appendix 21-1 utilizing earthquake catalogue since 1100 AD.

Appendix 21-2 is an example of seismic hazard map prepared ignoring Young’s 1997
attenuation relation in Appendix 21-1.
Appendix 21-3 is another example of seismic hazard map, which was prepared using

earthquake sources in South Tibet and North India. In this map the sources from the

MHT were not used.

Appendix 21-1: Seismic hazard map applying logic tree method as mentioned above. The maximum
PGA reaches 0.45 g in the far-west.
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Appendix 21-2: Seismic hazard map applying logic tree method as mentioned above. This map was
prepared following the process explained in Appendix 21-3, using Zhao et al. (2006) and BcHydro
(2016) attenuation relations (Young’s et al., 1997 attenuation relation was not used). The largest PGA is
smaller than that in Appendix 21-3.
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Appendix 21-3: Seismic hazard map applying logic tree method as mentioned above. This map was

prepared without considering the sources from MHT in order to check the influence of other sources in
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APPENDIX 22

Earthquake catalogue (Mw > 5.5) compiled in this study

Year Month | Day Hour Minute | Second | Latitude | Longitude | Depth Mw
1100 1 15 8 43 25.6 | 26.885 86.589 NA 8.5
1255 6 7 NA NA NA 27.77 85.3 NA 7.8
1344 9 14 NA NA NA 27.5 87.5 NA 7
1408 8 0 NA NA NA 27.9 86 NA 6.5
1411 9 29 NA NA NA 30 90.2 NA 7.7
1681 1 NA NA NA 27.6 87.1 NA 8
1505 6 NA NA NA 29.5 83 NA 8.5
1664 0 NA NA NA 25 90 NA 7.8
1720 7 25 NA NA NA 30 80 NA 7.5
1751 0 NA NA NA 31.3 80 NA 7
1767 7 NA NA NA 28 85.5 NA 7.9
1803 9 NA NA NA 31.5 79 NA 8.1
1803 9 4 NA NA NA 29.6 87.8 NA 6
1819 6 27 NA NA NA 30.5 80.5 NA 6.2
1833 8 26 NA NA NA 27.7 85.7 NA 7.7
1845 8 6 NA NA NA 26.09 90.89 NA 7.1
1846 10 18 NA NA NA 25.07 90.37 NA 6.2
1849 1 22 NA NA NA 25.97 90.07 NA 6.1
1852 3 31 NA NA NA 28.09 79.17 NA 7
1866 5 23 NA NA NA 27.12 85.26 NA 7.4
1869 7 NA NA NA 27.7 85.3 NA 6.5
1869 1 NA NA NA 25.5 91.5 NA 7.1
1885 5 14 NA NA NA 30.5 91 NA 6.2
1897 6 12 NA NA NA 25.5 91 NA 8
1897 8 2 NA NA NA 25 90 NA 6.3
1944 10 29 | NA 11 35| 31.051 83.135 20 6.8
1945 6 4 12 59.7 | 30.218 80.082 15 6.4
1947 2 10 4 3.7 | 31537 85.278 15 6.6
1951 28 15 59 23.7 | 28.926 86.685 15 5.9
1951 11 17 46 2.7 | 30.908 91.498 15 6.1
1951 11 18 26 37.3 | 30.799 91.413 15 6.8
1951 11 18 35 547 | 31.056 91.261 30 7.7
1951 12 26 10 7 0.4 | 31.244 90.784 15 6.3
1952 15 15 16 3.3 | 31373 90.919 15 5.9
1952 17 16 2 145 | 30.648 91.601 25 7.5
1952 10 7 18 19.9 | 31.464 87.446 15 5.7
1952 11 19 10 23 32| 29.682 86.506 15 5.8




1953 2 23 0 46 10.8 | 29.529 81.382 10 5.8
1953 8 29 1 58 20.2 | 28.168 82.333 15 5.8
1953 12 3 14 54 114 ] 31.151 85.743 30 6.5
1954 2 23 40 359 | 27.672 91.605 15 6.2
1954 9 4 43 494 | 28.169 83.825 15 5.9
1955 3 27 14 38 48.2 | 29.671 90.166 15 5.9
1955 8 4 6 40 49.5 | 30.675 86.43 15 5.7
1955 9 20 20 21 13 275 90 15 5.9
1955 12 29 8 25 354 | 29.845 90.189 15 6
1956 6 12 3 12 304 | 25.029 90.853 15 6
1957 4 14 7 11 58 | 30.521 84.348 15 6.5
1957 22 1 42 22.9 | 30.841 84.297 15 5.9
1958 23 5 30 13.4 | 30.622 84.133 15 6
1958 10 28 10 46 33.7 | 30472 84.553 15 6.2
1958 11 3 14 31 39.3 30.44 84.54 15 5.6
1958 12 28 34 41 | 29.926 79.9 15 6
1959 2 22 30 44.6 | 28.949 91.925 20 5.9
1960 7 29 10 42 47.6 | 26.488 90.297 15 5.7
1960 21 3 29 4.9 27 88.5 29 5.7
1961 12 24 13 27.6 | 29.512 80.806 15 5.9
1963 4 12 0 41 29.3 | 31.885 78.781 30 6
1963 11 27 21 10 25 30.8 80.5 33 55
1964 18 48 344 27.4 91.18 22 5.5
1964 13 19 57.3 27.52 90.17 1 5.5
1964 9 26 46 2.6 29.96 80.46 50 6
1964 10 6 20 19 321 29.4 80.98 11 5.5
1964 12 20 3 31 321 29.35 81.1 9 5.5
1965 1 12 13 32 24.1 27.4 87.84 23 6
1965 6 52 25.1 28.59 83.06 20 5.5
1966 3 10 52 31.51 80.55 5 5.6
1966 3 2 15 57.2 31.49 80.5 50 6.1
1966 6 27 10 41 8.1 29.62 80.83 33 6.1
1966 6 27 10 47 45.1 29.55 80.99 43 5.5
1966 6 27 10 49 51 29.5 80.9 72 5.6
1966 6 27 10 59 18.1 29.71 80.89 36 6.1
1966 6 27 13 55 49.3 29.62 80.93 18 5.5
1966 8 15 2 15 28 28.67 78.93 5 5.8
1966 12 16 20 52 16.3 29.62 80.79 19 5.9
1966 12 21 22 10 59.3 29.65 80.79 21 5.5
1967 15 10 32 44.2 27.42 91.86 19 6
1969 11 22 9 57 28.1 82.7 33 6.3
1969 13 10 23 54 28.2 81.8 33 55




1969 6 22 33 23 30.5 79.4 15 55
1970 2 12 51 48.4 29.24 81.57 25 5.5
1971 5 3 0 33 24.6 | 30.789 84.328 27.1 5.5
1972 7 22 16 41 21| 31.377 91.414 17.3 5.6
1974 3 3 4 53 17.3 | 30.745 86.318 28.6 5.6
1974 3 24 14 16 11| 27.664 86.003 20.4 5.6
1974 9 27 26 33.6 | 28.594 85.512 19.9 5.7
1975 1 19 12 9.8 | 31.937 78.525 48.6 6
1976 9 14 43 51.6 | 29.808 89.568 75.4 5.6
1977 2 19 15 25| 31.797 78.432 40 5.6
1978 2 10 17 29 47.1 | 28.033 84.698 0 5.5
1979 5 20 22 59 11.6 | 29.932 80.27 15.8 5.9
1980 2 22 3 2 44.8 | 30.552 88.646 14.2 5.9
1980 7 29 12 23 7.7 29.339 81.214 3 5.9
1980 7 29 14 58 41.6 | 29.628 81.091 23.3 6.2
1980 11 19 19 0 44.6 | 27.402 88.797 1.3 6.1
1982 1 22 4 29 55.9 | 30.891 89.867 2.6 55
1982 1 23 17 37 29.2 | 31.675 82.284 25 6.1
1982 23 17 48 19| 31.563 82.208 30.9 55
1984 5 18 4 28 52.2 29.52 81.793 0 5.8
1984 11 18 22 4 355 | 28.674 83.319 0 5.6
1985 1 7 16 13 54 27.14 91.958 12 5.6
1986 1 10 3 46 30.9 | 28.653 86.563 63.4 5.7
1986 6 20 17 12 472 | 31.216 86.824 33 6
1986 7 16 22 3 6.5 | 31.051 78.002 4.4 5.8
1986 9 16 24 21.8 31.54 85.046 0 5.6
1987 8 21 15 2.7 | 29.465 83.739 73.6 5.7
1988 4 20 6 40 25.8 | 27.017 86.721 55 5.6
1988 8 20 23 9 10.1 26.72 86.626 64.6 6.5
1988 10 29 9 10 52.7 | 27.866 85.637 18 5.7
1989 2 17 50 0.2 | 30.187 89.944 18.7 5.6
1990 2 29 21.8 | 28.154 88.108 355 5.9
1991 10 19 21 23 14.8 30.77 78.791 13.2 6.5
1991 12 9 1 2 425 | 29.512 81.611 2.9 5.8
1992 7 30 8 24 49.2 | 29.566 90.18 31.4 6
1993 1 18 12 42 45| 30.844 90.378 10 5.9
1993 3 20 14 51 59.7 | 29.027 87.328 12.2 5.9
1993 3 20 18 13 26.4 25.88 90.68 19 5.9
1996 7 6 44 415 | 30.106 88.191 8.2 5.8
1997 1 8 47 245 | 29.874 80.565 24.9 5.6
1997 11 2 29 48.1 | 29.036 85.392 8.3 5.6
1998 7 20 1 6 1.1 | 30.175 88.245 57.9 55




1998 3 18 15 52.1 | 27.863 86.95 2.6 5.8
1999 28 19 12.3 | 30.511 79.421 22.9 6.4
1999 10 17 48 26.26 91.926 33 5.5
1999 10 14 52 129 | 31.286 79.437 15 55
2001 11 27 31 51.6 | 29.691 81.716 22.6 5.7
2001 11 27 8 53 53.8 | 29.641 81.704 25.7 5.5
2002 6 4 14 36 2.6 | 30.566 81.42 10 5.6
2004 7 11 23 8 41.8 | 30.719 83.666 8.1 5.8
2004 10 26 2 11 31| 31.036 81.082 4 6
2005 4 7 20 4 40.2 | 30.517 83.655 14.7 6
2006 2 14 0 55 24.8 | 27.387 88.416 28.7 5.5
2006 2 23 20 4 545 | 26.958 91.712 14.9 5.6
2008 8 25 13 22 15| 31.061 83.652 255 6.1
2008 9 25 47 12.2 30.84 83.586 10 5.6
2008 10 8 30 45 | 29.844 90.379 6.4 6.1
2008 10 14 7 154 | 29.768 90.336 2.4 55
2008 12 59 8.8 29.99 82.085 15.3 55
2009 7 24 11 57 | 31.169 85.963 13.3 6
2009 21 53 6.2 | 27.369 91.46 16.1 6.1
2009 11 7 20 8 49.2 | 29.539 86.045 214 5.8
2009 12 31 9 57 31| 27.332 91.48 18.5 5.6
2010 2 26 4 42 38.1 | 28.507 86.776 79 5.7
2010 11 30 8 39 575 | 29.797 90.317 13.8 5.6
2010 11 30 12 40 27.6 | 29.688 91.248 0 5.6
2011 4 4 11 31 411 | 29.626 80.729 17.4 5.8
2011 9 18 12 40 49.6 | 27.804 88.154 29.6 6.6
2014 3 30 17 10 14.7 | 31.345 86.472 12.6 5.5
2014 3 30 17 17 23.8 | 31.518 86.585 0 55
2014 3 30 17 40 314 | 31.294 86.269 10 55
2015 4 25 6 11 26.3 28.28 84.79 15 7.8
2015 4 25 6 11 33| 27.79%4 85.339 6.8
2015 4 25 6 15 3.1 | 27.443 85.074 6
2015 4 25 6 15 229 | 27.628 85.54 10 6.2
2015 4 25 6 17 574 | 27.641 85.758 0 55
2015 4 25 6 18 10.9 | 27.686 86.021 10 5.8
2015 4 25 6 20 40.3 | 28.205 84.492 10 5.6
2015 4 25 6 45 22.1 28.39 84.83 15 7.1
2015 4 25 6 45 29.3 27.86 84.93 21 6.7
2015 4 25 6 56 33.9 | 27.882 85.751 10 5.7
2015 4 25 8 55 56 | 27.587 85.506 10 55
2015 4 25 9 17 2.3 28.39 87.317 10 5.9
2015 4 25 17 42 50.9 | 28.238 85.829 10 5.6




2015 4 25 23 16 15.5 27.82 84.89 9 5.7
2015 4 26 10.7 | 27.771 86.017 22.9 6.7
2015 4 26 7 24.2 | 26.923 87.064 10 6.2
2015 4 26 16 26 5| 27.856 85.753 17 5.9
2015 5 12 7 19.7 | 27.809 86.065 15 6.8
2015 5 12 7 342 | 26.861 87.136 10 6.6
2015 5 12 7 17 20.6 | 27.714 86.218 13 5.7
2015 5 12 7 34 22.6 | 27.746 86.245 10 5.6
2015 5 12 7 36 545 | 27.625 86.162 15 6.3
2015 5 12 7 37 51| 26917 86.895 10 6
2015 5 16 11 34 10 27.56 86.073 7 5.9
2015 5 16 11 34 24 | 26.696 87.031 10 5.6
2015 6 28 1 5 28.6 | 26.638 90.41 26 5.7
2015 9 8 13 27 19.6 | 26.485 85.964 326 5.6
2015 12 18 22 16 56.5 | 29.399 81.654 10 5.6
2016 11 27 23 35 21 | 27.802 86.532 10 5.6
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