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Abstract

Kathmandu Valley situated in Nepal has experienced several earthquakes in the past. The
expanding population of Kathmandu Valley is driving a significant acceleration in building
construction reaching record levels and posing risks to both human lives and the economy,
despite this surge in development. This study aimed to spatially map the dominant frequency,
amplification factor, and vulnerability index map of Kathmandu Valley, Nepal using ArcGIS. This
paper presents the nonlinear response analysis of 225 boreholes using the Gorkha earthquake as
input motion and DEEPSOIL software for determining the amplification ratio and dominant
frequency. The results revealed a range of values for dominant frequency from 0.08 to 7.65 Hz
and soil amplification ratio from 0.13 to 8.14. Furthermore, the seismic vulnerability index was
derived from the dominant frequency and soil amplification ratio ranging from 0.22 to 21.84.
The resulting maps acquired through this study enable the decision-makers and stakeholders, to

prioritize resources and implement targeted measures for enhancing seismic resilience in the

region.

Keywords: dominant frequency; nonlinear response analysis; shear wave velocity; soil

amplification; vulnerability index

1. Introduction

Vulnerability refers to the sensitivity of a region to the ampli-
fication of ground shaking during an earthquake because of
the underlying soil layers. Seismic waves travelling through
the soils encounter a rise in amplitude, which causes greater
ground motion at the surface than under bedrock circum-
stances. Socioeconomic vulnerability was important since it
made it harder for underprivileged groups to cope with and
recover from the disaster. Additionally, when damage and

disruption hampered rescue and relief efforts, it became clear
how vulnerable essential infrastructure systems, such as hos-
pital networks, transportation networks, and water supply
systems, were. The magnitude of the earthquake will not be
uniform, with damage in locations closer to the epicentre
being more severe, highlighting the vulnerability of an area
due to its location. Incorporating soil amplification enables
precise seismic hazard estimates at particular areas such as
Kathmandu Valley offering a thorough understanding of
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Figure 1. Study area: the Kathmandu Valley.

local seismic risks by taking into account the potential am-
plification of ground shaking, assisting in the identification
of high-risk regions.

Throughout the history of the Kathmandu Valley, the Val-
ley has been subjected to several powerful earthquakes. The
Bhimeshwor Earthquake in 1833 (M,, 7.8), the Great Nepal-
Bihar Earthquake in 1934 (M,, 8.4), the Nepal earthquake in
1988 (M,, 6.8), and the Gorkha earthquake in 2015 (M, 7.8)
are some of the most powerful earthquakes had affected the
Kathmandu Valley. The 2015 Gorkha earthquake in Nepal
exposed several areas of vulnerability in the impacted area.
The earthquake demonstrated the vulnerability of infrastruc-
ture to structural failure, particularly in the densely populated
Kathmandu Valley. Kathmandu Valley includes three histor-
ical cities, Kathmandu, Lalitpur, and Bhaktapur, located in
the Bagmati province that covers an area of ~654 km?. It is
located between latitudes 27°24’00”N to 27°52'00”'N and
longitudes 85°11’00"E to 85°33’00"E as shown in Fig. 1.

The Valley is home to numerous UNESCO World Her-
itage Sites and many historical and cultural landmarks.
However, the fast urbanization and population increase in the
Valley have created problems for infrastructure planning and
disaster risk reduction (Carlos et al. 2022). The influx of peo-
ple from rural areas seeking better economic chances, health-

care facilities, educational opportunities, and other ameni-
ties is responsible for this population growth (Bhochhibhoya
and Maharjan 2022). The Valley has faced several difficulties
in infrastructure development and catastrophe risk manage-
ment due to urbanization and the increasing population. Ow-
ing to its high seismic activity and large urban population, the
vulnerability of the Kathmandu Valley has been the focus of
much investigation.

Zhu et al. (2023) evaluated the seismic risk of Songyuan
City, China by employing a system based on risk, vulnerabil-
ity, and emergency response capabilities, in which GIS is used
for calculating seismic hazard through the CF-logistic regres-
sion model, and vulnerability is assessed using the combined
weight-TOPSIS model. Amirudin et al. (2023) carried out
to make a map of the dominant frequency, amplification fac-
tor, seismic susceptibility index, shear wave velocity, and peak
ground acceleration of coastal area of West Palu bay. Different
researchers from Indonesia have carried out research related
to the dominant frequency, amplification factor and vulnera-
bility index. Their study areas are Banda Aceh City, Klaten
Regency, Prambanan Temple, Batubesi Dam, and Boyolali
Central Java (Mubin and Nurcahya 2014, Sunaryo 2017,
Legowo et al. 2019, Sorja et al. 2019, Asnawi et al. 2022, re-
spectively). Various researchers have conducted studies on
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social vulnerability in different regions prone to such hazards,
such as Agrawal et al. (2023) for the Eastern Region of India,
and Mahbubur and Jerin (2022) for Bangladesh.

Gautam (2017a) disseminates district-wise social vulner-
ability to natural hazards in Nepal. The study conducted by
Aksha et al. (2019) revealed that the highest levels of social
vulnerability are concentrated in the central, western moun-
tain, western hill, central, and eastern Terai regions of Nepal.
The study conducted by Bhattarai and Conway (2010) exam-
ines urban vulnerabilities in five rapidly urbanizing cities in
the Kathmandu Valley, Nepal, focusing on the historical con-
text of uncontrolled urbanization, geographical features of
the urban landscape, and seismic vulnerabilities. Thapa and
Baral (2013) conducted a study to evaluate climate change
vulnerability and its associated risks for the communities.
Anhorn et al. (2015) investigated the urban vulnerability in
Musikot, highlighting the instability in modern construction
due to factors such as population growth whereas Tallett-
Williams et al. (2016) conducted a reconnaissance mission
following the 25 April 2015 (M,, 7.6) Gorkha earthquake to
assess damage patterns in Nepal as well as derive shear wave
velocity profiles for an individual location, which is trans-
formed into spectral acceleration using ground motion data
of the Gorkha earthquake and DEEPSOIL software. Addi-
tionally, Bijukchhen et al. (2017) highlighted the vulnerabil-
ity of the Kathmandu Valley to seismic waves, constructing
1D velocity models to reveal the undulating topography and
sedimentary deposits of the Valley. Meanwhile Shah (2018)
used DEEPSOIL software to conduct the one-dimensional
response analysis to analyse the varying earthquake impacts
in Gongabu and Balaju highlighting the impact of silty sand
and clay soil on earthquake impacts. Thapa and Upadhyaya
(2020) examined the vulnerability of indigenous communi-
tiesin three districts of Nepali.e. Kailali, Chitwan, and Rauta-
hat to climate change, while Rai et al. (2020) focused on
assessing climate change vulnerability in Lamjung district,
Nepal, considering conceptualization, engagement, and ex-
perimentation as parameters of awareness.

Meanwhile, Guragain et al. (2020) conducted a 1D
ground response analysis through an equivalent-linear anal-
ysis approach using Kobe earthquake ground motion with
DEEPSOIL software. Carlos et al. (2022) addressed the ur-
ban risk issue by investigating changing spatial dynamics
among natural hazards, expanding urbanization, and social
vulnerability in Kathmandu Valley. Bhochhibhoya and Ma-
harjan (2022) carried out a study on vulnerability assessment
of seismic hazards at the district level in Nepal, integrating
social conditions with hazard-risk analysis to develop an in-
tegrated vulnerability score for the regions and presented in
the form of maps using ArcGIS. Similarly, the study carried
out by Bhusal et al. (2022) employed both linear and non-
linear techniques using DEEPSOIL software to assess the
seismic behaviour, considering the soft soil conditions iden-

tified in borehole logs for the Dharahara monument in Kath-
mandu, Nepal. Regmi ef al. (2023) assessed the implemen-
tation of a vulnerability and risk assessment framework in
Nepal, highlighting the collaborative efforts of the govern-
ment and stakeholders.

This study fills a significant gap in seismic risk assessment
by estimating the vulnerability index to develop a compre-
hensive seismic vulnerability index map for the Kathmandu
Valley, using the Gorkha earthquake as the input motion for
enhanced accuracy. It is unlike previous studies, which re-
lied on different seismic events such as the Kobe earthquake,
Uttarkashi earthquake, Chamauli earthquake, etc., which are
not comparable to the Gorkha earthquake in terms of peak
ground acceleration (PGA) due to differences in magnitude,
focal depth, epicentre location, fault mechanism, geological
conditions, and building practices. Each earthquake event
has unique characteristics that influence the intensity and dis-
tribution of ground shaking resulting in varying PGA levels.
This deliberate choice ensures a more precise representation
of seismic hazards specific to the study area. Moreover, by
addressing the limitations identified in previous studies, this
study makes a substantial contribution to seismic risk analy-
sis. The Gorkha earthquake sparked further interest and in-
vestigation into vulnerability assessment, risk reduction, and
community resilience building in Nepal, which resulted in
advancements in construction codes, emergency prepared-
ness, and the adoption of strategies to boost community
resilience.

2. Geology and seismicity

Young fluvial-lacustrine deposits in the Valley can be up to
600 m thick (Mori et al. 2020). The two main geological
groups that make up the Kathmandu Valley are the Bhim-
phedi and the Phulchoki Group, both of which are located
in the Bagmati Province of the Kathmandu district. The hill
terraces used to build it date back to the middle to late Pleis-
tocene. The three main formations in the southern section of
the Valley are Tarebhir, Lukundol, and Itaiti. Sediment depo-
sition results from the Bagmati formation, which was active
before the formation of lake (Thapa and Guoxin 2013). The
black clayey deposits, which are found in the central portion
of the Valley, have dark-grey layers with a high carbon and di-
atom concentration. The Patan Formation lies on the top of
the basin. It is made up of clay, fine gravel, and silt with small
to medium-sized sand particles dispersed throughout. The
northeastern and northern portion of the Valley are com-
posed of the flaviolacustrine Gokarna Formation and Thimi
Formation, respectively (Chamlagain and Gautam 2015). In
the Valley, there are numerous fault networks that traverse
the rocks. The faults that have damaged terraces and other
landforms in the southern part of the Valley are the Chovar
and Chandragiri faults.
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The Himalayas, a prominent example of a seismotectonic
structure, are formed when the Indian and Tibetan plates col-
lide. Three main thrusts (i) MFT (Main Frontal Thrust),
(ii) MBT (Main Boundary Thrust), and (iii) MCT (Main
Central Thrust) affect the main seismic characteristics of
the Himalayas, which are thrust faults that move from north
to south. The Main Himalayan Thrust, which represents
the under thrusting of the Indian tectonic plate beneath the
Eurasian Plate, is most frequently thought of as the source
of the MFT system, which are splay thrusts. Mudstone is
found near the base of the Siwalik rocks that make up the
thrust slices that form the MFT structure, and conglomerate
and many sandstone strata are found at the top. Crystalline
nappes are a common sight in the lower Himalayan region
in the western Himalayas. The MBT is currently the most ac-
tive thrust system, whereas the MCT has been operational for
centuries. On the other hand, the MFT is thought to be the
newest. The Greater Himalayas are located north of the MCT
and between the MCT and the ISZ. They are composed of
intrusive rocks with a coarse texture. The Lesser Himalayas
are situated south of the MBT and are composed of sedi-
mentary layers that the MBT divides. The Outer Himalayas,
which are composed of the layers formed during the Miocene
epoch demonstrate the curvature and tectonic faults, are lo-
cated south of the MBT. Several nations border this mountain
range, including Nepal, India, Bhutan, China, and Pakistan.

3. Data and methodology

A total of 135 boreholes location from the Kathmandu
district (Anamnagar, Budhanagar, Baneshwor, Bagbazar,
Balkhu, Basbari, Chandol, Dhapasi, Ghantaghar, Ga-
hanapokhari, Gurjudhara, Kalopul, Kirtipur, Lainchaur,
Mandikatar, Naxal, Pradarsani Marga, Sinamangal, Sundari
Jal, Suntol, and Tahachal), 58 boreholes from the Lalitpur
district (Balkumari, Bhaisepati, Bhanimandal, Chakupat,
Hattiban, Jawalakhel, Khumaltar, Kopundol, Nakhipot,
Sanepa, Satdobato, Talchikhel), and 32 boreholes from
the Bhaktapur district (Dudhpati, Libali, Manohara, Mul-
pani, Nagarkot, Ram Mandir, Sanothimi, and Itachhen)
are considered for the study. This study, which includes
225 boreholes located at various areas of the Valley as
shown in Fig. 1, follows the following working procedure for
calculating the vulnerability index (Kg as depicted in Fig. 2).

The foremost step in calculating K, is the data collection
of standard penetration test of soil deposits, determination of
shear wave velocity (V,), dominant frequency (f,), and am-
plification factor (A, ). The key factors that contribute to soil
amplification include soil type, stiffness, thickness, and ge-
ological conditions. Soft, loose, and saturated soils, such as
clay, silt, and loose sand, tend to amplify seismic waves more
than stiffer soils or bedrock. It has been observed that the col-
lected lithology of the soil deposits of the Valley consists of

Data Acquisition
SPT(N)

v

Nonlinear Analysis
Using
DEEPSOIL

T

Dominant Frequency

(fa)

y y

Seismic Vulnerability Index (K,)

Amplification factor (A,)

Y

Validation

Figure 2. Methodological illustration for vulnerability index.

the layers of medium dense, medium to fine sand, dense to
very dense, medium to coarse sand with fine gravels, black
silt, and medium dense to dense poorly graded sands etc.

3.1. Shear wave velocity

Shear wave velocity (V) is a key parameter in understand-
ing soil amplification, which refers to the increase in ground
motion amplitudes experienced in soft or loose soil com-
pared to bedrock conditions. It plays a vital role in assess-
ing site response, calculating site-specific amplification fac-
tors, and calculating the fundamental period of the soil layers.
Shear wave velocity helps evaluate the possibility of soil am-
plification and its consequences for structure design by de-
scribing the dynamic behaviour of the soil. At first geotech-
nical data based on laboratory tests conducted in various
civil engineering projects at different sites in the Valley is
collected. Parameters such as soil classification, unit weight,
standard penetration test N value (standard penetration re-
sistance), and shear strength parameters for soils at each site
were studied. As there is not enough information available
for the Kathmandu Valley to produce highly representative
shear wave velocity V, — N equations. Using N values from
various sources, Saifuddin et al. (2021) constructed a com-
pilation of 40 empirical equations for calculating shear wave
velocity. One study by Gautam (2017b) generated the empir-
ical correlations from secondary sources by combining geo-
logical and geotechnical data with lithostratigraphic data. For
the top 30 m of the soil column, three equations have been
separately constructed for all soil types, silt, and sand. In this
study, the established correlation for all soil types as shown
in Equation (1) is used, which demonstrates an impressive
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Table 1. Classification of soil based on dominant frequency (adopted from Nurwidyanto et al. 2023).

Dominant
Soil classification type frequency (Hz) Kanai’s classification
Type IV <2.5 Alluvial rock with a thickness of 30 mor more, formed by topsoil delta sedimentation, mud, etc.
Type III 2.5-4 Sand gravel, sandy hard clay, loam, etc. make up alluvial rock that is >5 m thick
Type II 4-6.67 Sand gravel, sandy hard clay, loam, etc. that make up the S-m thick alluvial rock
Typel 6.67-20 Tertiary rocks consisting of sandy hard rocks, gravel, etc.

familiarity with the pre-existing correlations.
V, = 115.8N"»!) (1)

where N represents the standard penetration resistance.

3.2. Dominant frequency

To fully evaluate the susceptibility of structures to amplify
ground shaking, particularly in regard to soil amplification
effects, the f, must be taken into account in nonlinear re-
sponse analysis. The dominant frequency, which is intimately
related to soil amplification, significantly affects the structural
response to earthquakes. The thickness of each layer plays a
vital role in a nonlinear analysis since it directly affects the
highest frequency that may be transmitted through the soil.
Lower maximum frequencies can be transmitted via a layer
with a greater thickness than higher maximum frequencies
can be transmitted through a layer with a thinner layer. This
formula given in Equation (2) expresses the relationship be-
tween the maximum frequency and soil thickness.

v,
f= @

where, H stands for the thickness of soil layer, V| represents
the overall shear wave velocity across the entire depth, and
£, the highest possible frequency that can be propagated. In
this study, soil classification of the study area based on the
dominant frequency has been classified as per Table 1.

3.3. Ground response analysis

Site response analysis can be conducted using various mod-
els, including linear, equivalent-linear, or nonlinear models.
The linear model presupposes damping at small strains and a
constant shear modulus. The equivalent-linear model is a re-
finement of the linear model and at the same time a straight
forward substitute for the nonlinear model. Shear modulus
and damping ratio at each shear strain level are iteratively
calculated under the assumption of the nonlinear character-
istics, and the results are then used to estimate the site re-
sponse. The shear modulus and damping ratio vary during
the loading period in the whole nonlinear analysis at all strain
levels. Although frequency and time domains are used for

both linear and equivalent-linear studies, only the time do-
main is used for nonlinear analysis. The equivalent-linear
model becomes erroneous at a shear strain of 0.1%-0.4% but
the linear model assumption fails at a shear strain of 0.01%-
0.1%. Large strain values (>0.4%) necessitate the use of non-
linear analysis, which also aids in enhancing the outcomes for
strains higher than 0.05% (Ansari et al. 2023). The nonlin-
ear analysis is most suitable for this study since the greatest
shear strain created in the deep and soft deposits of the Valley
subjected to substantial intensity levels is typically >0.05%.
The 1D nonlinear response analysis is based on the ideas that
superficial soil layers extend horizontally across elastic rock
and that vertically propagating horizontally polarized waves
dominate the seismic ground motion wavefield. Nonlinear
response analysis and vulnerability assessment based on soil
amplification are significant and feasible to correctly predict
how structures will respond to seismic forces by taking into
account the properties of soil amplification and frequency
content. This integration is essential because it provides a
more thorough insight of how structures will actually behave
when subjected to increase ground shaking conditions and
reveals any potential weak points. The response of structures
to seismic occurrences can be captured more precisely when
soil amplification is taken into account in the study. The in-
clusion of soil amplification features aids in accounting for
the amplification effects brought on by certain soil condi-
tions, which can have a big impact on the response of the
structure. In this study the possible amplification of ground
motion that structures may encounter is considered the non-
linear response analysis by taking site-specific amplification
factors and frequency content into account using the New-
mark f method. This factor must be considered as it allows
for a more accurate evaluation of the potential weaknesses
and failure mechanisms linked to magnified ground shaking.
Some of the well-known programmes used for the nonlinear
response analysis are STRATA, DEEPSOIL, SHAKE, and
SHAKE91. Among them, DEEPSOIL is used in this study
as it has a user-friendly interface, excels in handling complex
soil-structure and interaction scenarios, and accurately pre-
dicts the response of soil layers and structures under seismic
loading. Its extensive validation and verification processes
further enhance the credibility and reliability of the results
(Hashash et al. 2020).

1276

Gz0z Arenuer G| uo Jasn eiskejey eand misieAiun Aq 8€/7969//2221//1 Z/21onue/abljwoo dno-oliwapeoe//:sdiy woll papeojumoc]



Spatial mapping of seismic vulnerability index in Kathmandu

DEEPSOIL software has been employed in various re-
search studies across different fields. Adampira et al. (2015)
compared the spectrum responses with spectral acceleration
in Assaluyeh of Iran while Iswanto and Yee (2016) calculated
the surface acceleration at the West Bangka site using DEEP-
SOIL. Kim et al. (2016) computed the relative differences
in spectral accelerations and Fourier amplitudes at Obregon
Park in Angeles whereas Mahmood et al. (2019) determined
the amplification factor and spectral acceleration at Peshawar
district of Pakistan, and Yildiz (2021) figured out the spectral
acceleration, PGA and lateral displacements in Istanbul us-
ing DEEPSOIL software. Similarly, Groholski ef al. (2016)
introduced a new quadratic/hyperbolic model for simplified
1D nonlinear seismic site response analyses using DEEP-
SOIL software offering improved Yildiz performance com-
pared to hyperbolic models, emphasizing accurate represen-
tation of maximum shear stress at Pacoima Dam. Likewise,
Stanko et al. (2019) conducted the amplification assessment
for Ivanec city using equivalent-linear response analysis with
DEEPSOIL software and revealed two distinct microzones
within the city: one characterized by significant amplifica-
tion in the central region, attributed to the soft soil prop-
erties, and another displaying minimal amplification. While
Tran et al. (2021) conducted the ground response analysis at
the Ba Dinh square area in Hanoi, Vietnam, focusing on one-
dimensional nonlinear and equivalent-linear response anal-
yses using DEEPSOIL software and developed a site model
based on in situ shear wave velocity profiles and geotechnical
data. Jalil et al. (2021) focused on assessing the effect of local
soil characteristics on modifying one-dimensional linear soil
response using DEEPSOIL software in the Balaroa, Petobo,
and Jono Oge regions revealing amplification factors with
peaks around 1.49,2.05, and 1.27 times for Balaroa, Petobo,
and Jono Oge, respectively.

To characterize the dynamic properties of the soil for site
response investigations, it is crucial to choose the proper
shear modulus degradation and damping ratio curves with
respect to shear strain. Site response analysis frequently uses
empirical modulus reduction and damping curves, to depict
dynamic soil behaviour in the absence of site-specific data.
This formulation is an empirically based modified hyperbolic
model to predict the nonlinear dynamic responses of differ-
ent soil types. In this study, the soil behaviour curves for
damping and modulus reduction were represented and fitted
using the MRDF method as shown in Fig. 3, which takes into
account the confining pressure, the plasticity index (PI), an-
gle of friction (@) the over consolidation ratio (OCR), the
excitation frequency (f), and the number of loading cycles
(N).Based on the available soil data for the area, a PI between
3.2% and 36% and ¢ between 17 and 38° has been used.
When calculating reference dynamic curves for the Daren-
deli (2001) model, the coefficient of earth pressure at rest
(K,) is computed using Equation (3) given by Hashash et al.

(2020) and the parameters OCR, N, and f are taken as 1, 10,
and 1, respectively, during the analysis (Tran ef al. 2021):

K, = (1 —sin @) OCR*"?. (3)

To accurately represent the constitutive behaviour of the
soil, the maximum cut-off frequency, f, of 30 Hz was chosen.
To prevent excessive high-frequency wave attenuation, the
limit of f, ensures that the thickness is minimal enough to per-
mit the passage of sufficiently high-frequency waves through
the soil deposit. The DEEPSOIL software includes a range of
soil models that take into account the depth-dependent be-
haviour of soils. In this study, the shear modulus and damp-
ing ratio curves were fitted to the reference curves using
the pressure-dependent modified Kondner-Zelasko model
and non-Masing reloading-unloading hysteretic formulation.
The nonlinear behaviour of the soil column is captured by
the modified Kondner—Zelasko model. It is an extended hy-
perbolic model with two additional curve fitting parameters,
s and f, are used to modify the backbone curve to achieve
the proper shear stress and shear strain values. For DEEP-
SOIL to mimic seismic loading, input ground motion, i.e. the
Gorkha earthquake and the response spectra of PTN station
as shown in Fig. 4 is used in this study. The maximum hor-
izontal acceleration at PTN was 0.5, 0.13, and 0.15¢ for the
NS, EW, and vertical components respectively.

The bedrock is defined as a rigid half space. The maxi-
mum strain increment is 0.5% and the effective shear strain
ratio considered for the analysis is 0.65. The motion equa-
tions for the structure and soil layers were then solved using
an iterative process. This method provided a more accurate
evaluation of the surface spectral acceleration by taking into
consideration the stiffness and damping effects brought on by
soil-structure interaction. To solve the nonlinear equations of
motion and faithfully replicate the dynamic response of the
system, step-by-step integration techniques was used. The
peak ground spectral acceleration corresponds to the sur-
face spectral acceleration of the soil deposit and is used for
the computation of the soil amplification. Based on the clas-
sification by (Adib et al. 2015) the soil amplification fac-
tors in this study are classified into five zones as shown in
Table 2.

3.4. Seismic vulnerability index

A quantitative measure that evaluates the susceptibility of
buildings and communities to potential harm or failure due
to amplified ground shaking brought on by soil amplification
effects and the dominant frequency of the seismic waves is
the vulnerability index. It establishes the degree of suscepti-
bility of the surface layer vulnerability during seismic activity
and is determined by
A2
K =—. 4
=7 @

1277

Gz0z Arenuer G| uo Jasn eiskejey eand misieAiun Aq 8€/7969//2221//1 Z/21onue/abljwoo dno-oliwapeoe//:sdiy woll papeojumoc]



Poudyal et al.

e 2
o o

G/Gmax
<
.

0.001

0.01

0.1 1 10

Shear strain (%)

—e—Sand —e—Clay Silt

20

pa—
L

Damping (%)
=

n

DU _—
0

0.0001 0.001

(b)

Figure 3. Adopted dynamic properties of the soil: (a) G/G

max

In this study, the risk zone based on vulnerability index has
been considered according to Adib et al. (2015) and risk level
has been categorized into five zones shown in Table 2.

Strong zones that are vulnerable to damage in the case of
an earthquake are indicated by areas highlighted with high K,
values. The obtained results were interpolated in ArcGIS us-
ing inverse distance weighting considering a processing ex-
tent the same as the layer Valley. After that, raster analysis
was done with cell size as maximum of inputs and depicted
as spatial zonation maps based on V,, f, PGA at surface, A,
and K,.

4. Results

In this study, the integration of dominant frequency (f, ) and
soil amplification (A, ) obtained is assessed to calculate and
identify low- and high-risk zones based on vulnerability in-
dex (K,) of the Kathmandu Valley. High K, values suggest
a weak zone that may sustain damage during an earthquake.
The K, is used to measure seismic vulnerability and defines

0.01
Shear strain (%)

—e—Sand —e—Clay

0.1 1 10

-Silt

modulus reduction curve and (b) damping curve with respect to shear strain.

the degree of surface layer susceptibility to deformation dur-
ing seismic events. The findings are discussed in the follow-
ing sections.

4.1. Shear wave velocity and dominant frequency

The map shown in Fig. Sa provides the variance of shear wave
velocity (V,) of the study area. The V is found to be high
for the sites with high N value due to the relative stiffness
as a result of overburden pressure. It is observed that the ve-
locity increases with depth generally increases while being
lower at shallow depths. The calculated shear wave veloc-
ity ranges between 150.69 and 306.65 m/s indicating that
surface deposits are relatively soft. The dominant frequency
(f,) of the study area varies from 0.08 (Kirtipur) to 7.65 Hz
(Gahanapokhari), which shows the significant geological
variance. The distribution and soil classification based on f,
in the form of map is shown in Fig. Sb and c.

The results of this study show that higher dominant fre-
quencies in the areas of Hattiban and Gahanapokhari (6.67-
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Figure 4. (a) Input motion: the Gorkha earthquake and (b) response spectra of Gorkha earthquake.

Table 2. Zone classification according to A and K,.

Amplification Vulnerability
Zone classification factor (4,) index (K,)
Very low <1.6 <12
Low 1.6-2.7 1.2-4.2
Medium 2.7-54 4.2-10
High 5.4-6 10-19
Very high 6-10 19-40

7.65 Hz, Type 1) exhibits the tertiary sandy rock. Locations
such as Sinamangal, Basbari, Tahachal, Chandol, Bhaisepati,
Balkhu, Nagarkot, Gurjudhara, Thimi, and Itachen of Kath-
mandu Valley (4-5.78 Hz, Type 1I) are found to exhibit the
thinner and stiffener sediments layer with higher densities
and allow the propagation of seismic waves more quickly,
while lower dominant frequencies (0.08-2.48 Hz, Type
IV) found in Kirtipur, Ghantaghar, Tangal, Khumaltar,
Jawalakhel, Mandikatar, Mulpani, Baneshwor, Balkhu, and
Bagbazar exhibit thicker layers. Seismic waves need more
energy to travel through a thicker sediment layer. As a re-
sult, the slower seismic waves due to the higher mass have a
lower f,. In addition, the areas such as Gahanapokhari, Lain-
chaur, Kopundol, Mandikatar, Balkumari, Sanothimi, Sat-
dobato, Bhanimandal, Kalopul, Sanepa, Libali, Anamnagar,

Pradarsani Marga, and Khumaltar (almost ~46.23% of the
analysed borehole) have the dominant frequencies of type I11
frequencies ranging from 2.5 to 4 Hz. Similarly, ~30.67% of
analysed borehole has low frequency value ranging from 0.08
to 2.48 Hz i.e. Type IV. In this study ~19.56% of the analysed
boreholes result higher f, (Type II), which concludes that a
thin layer of sediments propagates the seismic wave easily in
the Valley. Likewise, ~3.6% of the analysed boreholes have
dominant frequency ranging from 6.67 to 7.65 Hz. When the
dominant frequency (f, ) of the sediment layer coincides with
the frequency of seismic waves, resonance happens. As a re-
sult, the amplification factor increases and so is the vulnera-
bility index.

4.2. Soil amplification and vulnerability index

The surface PGA has been calculated from the nonlinear
analysis using DEEPSOIL and mapped as shown in Fig. 5d.
In this study it is seen that soil responded more linearly
to low-intensity input ground movements of 0.01g greatly
delaying stiffness degradation and amplifying bedrock to
surface accelerations at the surface of soil layers and the dom-
inant peak frequency. Amplification rapidly diminishes as in-
put ground motion acceleration is increased (0.17gat 0.95 s),
which is because large induced stresses greatly reduce stiff-
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Figure S. (a) Shear wave velocity map, (b) distribution of dominant frequency, (c) classification of soil according to dominant frequency, and (d) Surface

PGA map.

ness and increase hysteretic damping, which decreases the
soil ability to transmit force to the overlying surface. When
a rock has a PGA >0.17, nonlinear behaviour of the soil is
anticipated. The nonlinear soil response causes the induced
strain to be increased and the shear modulus (stiffness) to
drop at low-to-mid frequencies, which causes the prominent
peak to be compressed with greater input intensities. The
distributions of soil amplification A and vulnerability index
(K,) shown in Fig. 6a and c, suggest that regions with higher
soil amplification factor also tend to have higher seismic vul-
nerability, or vice versa.

In this study the degree of soil amplification ratio of Val-
ley varies from 0.1S (Kirtipur) to 8.14 (Basbari). In Basbari
area the surface soil layer consists of filling material includ-
ing sandy silt and the subsequent layers are made up of silt
and sand with low to medium plasticity. At a frequency of
4.3 Hz, the average shear wave velocity for this location has
been calculated to be 258.61 m/s and is classified as a very
high amplification zone. A higher vulnerability is indicated at
thislocation by the combination of a higher amplification fac-
tor of 8.14 and K, equal to 15.41 and a low predominant pe-
riod which enhance the damage from earthquakes. The soil

configuration of Bhaisepati, Sinamangal, and Nagarkot are
similar with greater amplification ratios ranging from 6.13 to
7.9 as shown in Fig. 6b at a maximum frequency of 4.2 Hz
and has been categorized as a very high amplification zone.
In the same way, vulnerability indexes (Kg) between 4.28 to
12.12 in Nagarkot (medium to high-risk zone as shown in
Fig. 6b) and 1.64 to 15.07 (low to high-risk zone as shown
in Fig. 6b) in the Sinmangal area have been observed. The
boreholes incorporate the sandy and clayey silt, which has re-
sulted to higher amplification and vulnerability index in these
areas and are more likely to experience more ground shaking
during earthquakes.

The sites such as Anamnagar, Bakhundol, Balkhu, Balku-
mari, Bhanimandal, Khumaltar, Kopundol, and Mandikatar
have soil amplification factors and K, ranging from 2.16 to
4.28 and 0.27 to 3.28, respectively, and these areas fall un-
der medium and very low to low-risk zones (Fig. 6b). The
type of soil found in these areas contains clayey silt of low
to medium plasticity. The soil amplification 2.7 of Kopun-
dol and 1.24 of Tangal area obtained in this study falls un-
der a low amplification zone. As result their vulnerability in-
dex (Kg) ranging between 0.57 to 2.08 and 0.57 to 0.71 also
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Figure 6. (a) Soil amplification map, (b) soil amplification zone map, (c) vulnerability index map, and (d) risk zone map based on K,,.

falls under the low-risk zone as shown in Fig. 6d. In addition,
the soil in the Jawalakhel region has soil amplification of 5.92
at a frequency of 3.78 Hz and the highest spectral accelera-
tion is 0.07g. In the region, shear waves move at an average
speed of 242.06 m/s. Geologically, the region is composed
of sandy gravel followed by grey to black clayey low plasticity
silt. The A, and K, ranging from 4.74 to 6.49 and 5.87 to 11,
respectively, was found during the analysis of the Bishnumati
Khola bridge. They fall under medium to high amplification
and medium risk zone.

The boreholes of Dhapasi area are composed of medium
dense to dense poorly graded sand followed by very dense
poorly graded sand. The A, and K, in this area ranges from
1.81 to 3.72 and 1.07 to 3.77, respectively, at a frequency of
3.05 to 5.17 Hz with a shear wave velocity 0£228.79 t0 266.89
m/s, respectively. A range of 2.59 to 6.12 and 1.64 to 15.07
for the A and K, has been observed (Fig. 6a and c) in well-
graded sand with silt in the Sinamangal area. This range rep-
resents the potential increase in ground shaking when seismic
waves travel through this particular soil type in comparison to
the input motion at the bedrock level. The higher end of the
range, 6.23 and 15.07, denotes a more prominent amplifica-
tion effect and may lead to significantly larger ground shaking

in comparison to the input motion at the bedrock level and
the area falls under low to high amplification and risk zone.
It has been noted that the soil amplification (A, ) and vul-
nerability index (Kg) in the Sanepa area ranges from 1.63 to
6.07 and 0.67 to 12.79, respectively. The soil found in this
area is stiff to very stiff dark greyish elastic silt. The range
of A, and K, lying between 63 to 6.07 and 0.67 to 12.79
(low to high amplification and risk zone as shown in Fig. 6b
and d) with the maximum frequency of 2.88 Hz in this in-
stance suggests that stiff to very stiff dark greyish elastic silt
in this area can have considerable influence on soil amplifi-
cation. Thus, the variation in soil amplification ratios within
the study area suggests the degrees of seismic wave amplifi-
cation. The soil amplification ratios calculated in Bhaisepati,
Jawalakhel, and Sinamangal areas in this study are similar to
the study carried out by Chamlagain and Gautam (2015).
De-amplification was also observed in locations such as
Tangal, Kirtipur, Pradarsani Marga, Bhanimandal, Khumal-
tar, Mulpani, and Balkhu area with an amplification and
vulnerability index ranging from 0.13 to 0.8 and 0.22 to 3.2,
respectively; as a result, these locations have been catego-
rized as very low amplification and low-risk zones as shown

in Fig. 6b and d.
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Similarly, the calculated values of the vulnerability (Kg),
ranging from 0.22 to 21.84 represent the relative vulnerabil-
ity of different locations within the study area. A K, value
of 0.22 at Kirtipur indicates a relatively lower vulnerability,
suggesting that the area is less susceptible to seismic hazards
and may experience less damage during an earthquake. On
the other hand, a K, value of 21.84 at Bhaisepati represents
a higher vulnerability, indicating that the area is more prone
to strong ground motion and potential damage. As K, is di-
rectly proportional to square of soil amplification, the area as
discussed previously having a higher amplification will have
ahigher K, which increases the likelihood of structural dam-
age. This suggests that regions with greater soil amplification
factors and K, also frequently have greater seismic risk, or
vice versa. The light green, dark green, and blue highlighted
areas are the medium-, high-, and very high-risk zones based
on K, respectively.

The results in locations such as Anamnagar, Bakhundol,
Bhanimandal, Pradarsani Marga, Chakupat, Hattiban,
Khumaltar, Kirtipur, Kopundol, Mandikatar, Mulpani,
Sinamangal, Ram Mandir Bhaktapur, Thimi, Lainchaur,
Itachen, Naxal, New Baneshwor, Balkhu, Bagbazar, Ghan-
taghar, Kalopul, Lainchaur, Buddhanagar, Chandol,
Ghanapokhari, Gurjudhara, Libali, Lainchaur, Tahachal,
Nagarkot, Nakhipot, and Telecom office Bhaktapur have K,
ranging from 0.22 to 4.02 and fall under very low to low-risk
zones (Fig. 6b and d). Likewise, the areas Satdobato, Bal
Kumari, Bhainsepati, and Pradarsani Marga have low to
medium K, ranging from 1.72 to 10.29, and are considered
as being in the low to medium risk zone. A medium ampli-
fication and risk zone shown in Fig. 6b and d ranging from
3.91 to 4.21 and 6.29 to 8.55 is observed in Talchikhel area.
Similarly, a very low to high-risk zone was found in Sanepa
and Basbari area. A vulnerability index (K) lying between
1.64 and 15.07 in the Sinmangal area has been considered in
the low to high-risk zone. The Jawalakhel area has a K, lying
between 1.04 and 9.27 is considered as being in the very low
to medium risk zone. When the f, is low and the A is high,
it results in a high K, indicating that the area has a high risk
of earthquake damage, as opposed to an area with a low K,
and a high f, and low amplification factor. This suggests that
regions with greater A, and K, also frequently have greater
seismic risk, or vice versa.

S. Discussion
S.1. Shear wave velocity and dominant frequency

These V, results are also justified by the study carried by
Goda et al. (2015). The NBC 105 (2020) categorized the
types of soil as types A through D, ranging from very hard
to soft soil. In accordance with the NBC 105:2020, the Kath-
mandu Valley has category D soil, which is exceptionally soft

soil. Additionally, the type of soil found in the study area is

type D, and is also justified by the result of the study. The
amplification and transmission of seismic waves are influ-
enced by the shear wave velocity of the subsurface materials.
Ground shaking is more likely to be amplified at certain
frequencies in softer, less-consolidated materials with lower
shear wave velocity of 150.69 m/s. On the other hand, less
amplification may result from stiffer materials with a higher
shear wave velocity of 306.65 m/s. This indicates that the
subsurface geology has a different type of soil and rocks, layer
thickness, and stiffness. As a result, seismic waves behave dif-
ferently and causes changes in the main frequency values.
The thickness of a sediment layer has an inverse relationship
with the dominant frequency f, as a result; thinner layers typ-
ically have higher dominant frequencies than thicker layers,
who tend to have lower dominant frequencies (Sorja et al.
2019).

The different seismic profiles of these regions suggest
the potential existence of certain geological features or tec-
tonic processes that affect the formation of seismic waves
in this frequency range. The improved seismic wave prop-
agation at these frequencies raises the likelihood of consid-
erably stronger subsurface structures or geological forma-
tions that could affect the seismic behaviour in these areas.
Owing to the predominance of these higher dominant fre-
quencies, seismic events that originate in these regions may
exhibit distinctive characteristics. The Tri Chandra cam-
pus, Ghantaghar one of the oldest campuses of Nepal is
currently being retrofitted. The campus buildings sustained
damage as a result of the 2015 Gorkha earthquake. The
campus was founded in 1918, under Rana Prime Minis-
ter Chandra Shamsher, and had already been hit by two
significant earthquakes in 1934 and 201S. Similarly, the
quake had less of an impact on the Kirtipur neighbourhood,
which is thought to be built on a solid foundation. Ow-
ing to its distinctive geology, this region has a history of
enduring earthquakes, notably the one that struck in 1934
(Maharjan et al. 2019). Hence softer and less-consolidated
materials with lower shear wave velocities tend to amplify
ground shaking at specific frequencies. By contrast, stiffer
materials with higher shear wave velocities can lead to less
amplification.

$.2. Soil amplification and vulnerability index

Severe destruction was observed during 2015 Gorkha
along the Bagmati River and its tributaries, including
the Bishnumati River and the Manhart River, making
those areas more susceptible to seismic loading. Poorly
graded sand typically has a very consistent particle size
distribution, which can result in greater stiffness and shear
strength compared to more granular or fine-grained soils and
this is the reason why the soil amplification is less in this area.
The same result is justified from this study and the Dhapasi
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area is categorized as being in a very low to low amplification
and risk zone. Infill masonry walls and other non-structural
components were damaged in several high-rise apartment
structures in the Kathmandu Valley during the 2015 Nepal
earthquake. The structural components only sustained min-
imal damage. None of the residential complexes had col-
lapsed. After seismic retrofitting, nearly all high-rise units are
liveable. Boreholes of the Park View Horizon Apartment in
Dhapasi, Kathmandu, has been considered in this study. Sim-
ilarly, the soil amplification 2.7 of Kopundol and 1.24 of Tan-
gal area obtained in this study matches with the study carried
out by Guragain et al. (2020).

Previous studies have emphasized the liquefaction sus-
ceptibility at numerous areas in the Valley. The liquefaction
caused by the Gorkha earthquake, in contrast to past large
earthquakes, appears to be very localized and confined. This
might be explained by the earthquake’s modest ground mo-
tion amplitude and low ground water table. Hattiban, Mul-
pani, and Duwakot are the locations where liquefaction has
been reported (Sharma et al. 2019). Freshly expelled sand
was driven out of an overly pressurized ground surface, cre-
ating sand boils. More information about the liquefaction
brought on by the 2015 Gorkha earthquake is provided by
Sharma et al. (2019) and Subedi and Acharya (2022).

A previous study by Gautam and Chamlagain (2016) like-
wise calculated significant local amplification and substantial
variance in motion parameters within the soft soil deposits.
The study also revealed that in areas with soft soils, such as
Thimi and Bhaktapur as opposed to the southern part of the
Kathmandu Valley, local amplification and soil nonlinearity
were the main sources of significant damage. Since the 1255
earthquake, Bhaktapur has been the place most severely dam-
aged, while Thimi consistently experiences damage scenarios
similar to those of Bhaktapur.

When developing infrastructure around the Kathmandu
Valley, the Fig. 6¢ seismic vulnerability index map and risk
zone can be used as a guide. It must be taken into consid-
eration when developing infrastructure for areas with a high
seismic K, value, which have a high level of earthquake dam-
age, that areas with a low K, have better infrastructure for
building economic commodities and public facilities. Thus,
the silty facies of clay and increased shear wave velocity are
the main regulating reasons for the higher A, and K. Addi-
tionally, it has been noted that locations with sandy silt and
silty clay have produced the higher A, and K, Regions with
a higher vulnerability index, such as those with lower dom-
inant frequencies and higher soil amplification factors, are
more susceptible to structural damage and pose a greater risk
during seismic events. These findings emphasize the need for
targeted interventions, including resilient building codes and
infrastructure development, particularly in high-risk zones
identified based on vulnerability indices. By prioritizing mit-
igation efforts in these areas, policymakers can enhance the

seismic resilience of the community and reduce the potential
impact of future earthquakes.

6. Conclusions

In this study, the estimation of the vulnerability index (Kg) is
conducted using the dominant frequency (f, ) and soil ampli-
fication (A, ) as key parameters. This study aimed to address
the seismic K, of the Kathmandu Valley. The comprehensive
analysis of 225 boreholes using DEEPSOIL software, the f,
and A, values were ascertained. These variables gave the im-
portant information about the soil-structure system and its
seismic wave response properties. The dominant frequency
values ranged from 0.08 to 7.65 Hz while the amplification
factor values ranged from 0.1S to 8.14. These wide-ranging
figures demonstrate the geographical variability in soil char-
acteristics and their impact on the seismic response in the
Valley. The K, values ranged from 0.22 to 21.84, with higher
values indicating areas at higher risk of significant damage
during earthquakes. The integration of microzonation data,
nonlinear analysis, and GIS mapping in this study provides
a comprehensive approach to assessing and quantifying seis-
mic vulnerability. By delineating the spatial variations in the
f, A, and Kg, the urban planner, land-use management, and
policy-making can use this as a valuable tool in reducing the
potential impacts of earthquakes on both human lives and the
economy. Retrofitting of existing buildings with steel braces,
concrete walls, or shear walls, implementing base isolation
techniques, improving foundation design, and using flexible
materials such as lightweight steel frames and reinforced con-
crete can enhance seismic resilience. Adopting resilient de-
sign standards, building codes, and community education
programmes can also promote earthquake-resistant practices
and safety measures.
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