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Abstract

Seismic Microzonation comprising study of site specific seismic Microtremor
(H/ Vratio) is deployed to generate seismological parameters (Peak Frequen-
cy, Peak Amplification, Site Vulnerability Index) that may help estimate re-
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quisite factors for sound building design codes that can be used to construct
risk resilient infrastructures. In this paper the site of Pakyong, Sikkim, India
has been investigated by dividing it into three differed zones (Zone 1, Zone II,
Zone III). The study area is associated with site amplification factor varying
from 1.47 to 11.49 with corresponding frequency variations from 0.5 Hz -
12.5 Hz in which site vulnerability index found varied from 0.2 to 220.6. The
anomalous subsurface formation with its high amplification corresponds to
the centre of the Pakyong sites having conspicuous trend in NW-SE direction
suggesting the existence of geological formations of Chlorite, Phyllite with
intercalations of Quartzite beneath the centre of Pakyong site. The risk asso-
ciated with vulnerability index for different zones maintains its variability as
Zone I > Zone II > Zone III, indicating the low vulnerability index values are
attributed to compact parts of the sub-surface materials with less amplifica-
tions whilst high vulnerability index of the site corresponds to relatively lower
strength of the sub-surface materials and soft sediments underlying the Pa-
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kyong site which can be used for constructing risk resilient structure by en-
hancing the stiffness coefficient of the sub-surface by providing plausible en-
gineering solutions for the purpose.
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Amplification, Peak Frequency, Site Vulnerability Index, Stiffness Coefficient

1. Introduction

With rapid demand for infrastructural facilities, it has become necessary and
warranted to develop risk-resilient infrastructures, which may augment to the
plan of development of smart city in India. In this study, site specific seismolog-
ical investigations were conducted for estimating key seismological parameters
responsible for earthquake hazards in the area by deploying site response study
in and around Pakyong, Sikkim (27.20°N to 27.25°N; 88.56°S to 88.61°S) for
development of infrastructures in the area. Under the plan of smart city devel-
opment of India, airport development and its safety design parameters have be-
come a challenging issue to geoscientific and civil engineers. Seismic microzona-
tion involves the assessment of the local site effects by calculating the site ampli-
fication and corresponding predominant frequency. It is an important technique
in Seismic Hazard assessment and risk evaluation and is defined as the zonation
with respect to ground motion characteristics taking into account the source and
site conditions. It is a technique of dividing an earthquake prone region into in-
dividual areas having different potential hazardous earthquake effects based on
the seismic behaviour of local site [1] [2]. Site response study mainly deals with
the determination of peak frequency (£) of soil and their corresponding, ampli-
fication which forms an important input for evaluating and characterizing the
impact of ground motion on shaking of grounds and degree of damages vis-a-vis
estimating the site vulnerability. Pakyong is a town in the foothills of the Hima-
layas located in the East Sikkim district of the Sikkim state (Figure 1). Critical
infrastructures facilities, such as, green field airport, hospitals, schools, vital in-
stallations can be developed using the concept of risk resiliency of the structutres
in the site of Pakyong. A green field airport at Pakyong, Sikkim was then pro-
posed with a dimension of approximately 2000 m length x 500 m width. The
main objective of site response survey in this area is to assess the site vulnerabil-
ity in and around Pakyong, covering an area of 25 sq-kms.

The area of study is associated with Gorubathan formation of Daling Group
represented by low grade metapelitic rocks, mainly comprising Phyllite and Sch-
ists with thin intercalations of Quartzites belonging to the main litho units in
and around Pakyong area. Our area of interest mainly belongs to Main Central
Thrust (MCT) which separates Sedimentary and Low grade Metamorphics of
Lesser Himalaya from Crystalline rocks of Higher Himalaya (Figure 1). The
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Figure 1. District map of east Sikkim with location of the Pakyong airport, Sikkim (red mark) (adapted from the report by [3]).

Sikkim region is located in the earthquake prone territory of the eastern Hima-
laya. It is evident from the earthquake zonation map of India that the Sikkim
Himalaya comes under high seismic hazard zone designated as Zone IV (IS1893,
Bureau of Indian Standards, 2002). The Sikkim region is surrounded by several
damaging earthquakes of the past, although it has not experienced a magnitude
8.0 earthquake so far. The region has only experienced moderate seismicity in
the past. The two strong earthquakes of magnitude greater than 6.0 were rec-
orded in 1965 & 1980 and then were reported for the Sikkim Himalaya. The
seismic hazards scenario of Sikkim Himalaya appears to be quite underestimated
considering its zone IV status in the seismic zonation map of India. On 18" Sep-
tember 2011 an earthquake (Mw 6.9) occurred in NW Gangtok, Sikkim at ap-
proximately 60 km distance near the boundary between the India and Eurasian
plates in the mountainous region of northeast India in Sikkim-Nepal border re-
gion. Nearly 97 people were reported died and several people were injured dur-
ing the earthquake [3].

The location of study area is shown in Figure 1, which falls under East Sikkim
district and is well connected by metal road. The field site’s accessibility is li-
mited and is from Ranipool located at the distance of 18 km as well from Rangpo
from where the study area is 26 km away from it. The area is also connected
through Highway NH-31A runs from Siliguri to Gangtok and the total distance
from Siliguri to Pakyong is 120 km. Though Sikkim back then does not have its
own airport, so the nearest airport to it was at Bagdogra which was 16 km from
Siliguri, and Sikkim is well linked through road as well as through regular heli-
copter service from Gangtok, but there is a huge rush on Bagdogra for visitors to

Sikkim region during peak tourist season (March-July), every year, and thereby
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need of another airport as the public facility has been realised for smooth com-
mutation, besides the development of such infrastructure would be helpful in
post disaster response implementation.

The area of study is geotectonically very complex and is having intriguing
tectonic units, which have strong bearing on Seismogenesis [4] [5]. The major
tectonic features traversing the Sikkim Himalaya has the well defined Main
Boundary Thrust (MBT), which is marked as the boundary between the Siwalik
and Lesser Himalaya Domain (LHD), and the Main Central Thrust (MCT) to
the north between LHD and Higher Himalayan Domain (HHD) take sinusoidal
turn in the Sikkim Himalaya juxtaposes high grade gneisses of the Higher Hi-
malayan Crystalline (HHC) and lower grade slates, phyllites and schists of the
lesser Himalaya formations. The Main Frontal Thrust (MFT) separates Siwalik
formation rock to the north and Gangetic plain to the south [3] [6]. The pro-
posed Pakyong airport is located in the down slope to the East of the MCT and is
bounded by lineaments (Kanchanjangha Lineament, Tista Lineament, Goalpara
lineament, Gangtok Lineament) further to its east, which has history of generat-
ing micro to moderate earthquakes, including the 2011 Sikkim earthquake (Mw
6.9) suggesting that the study area is tectonically active and is vulnerable where
the Pakyong airport was proposed, such tectonic scenario demanded the detailed
investigations of the site specific soil characteristics to understand the degree of
its amplification during earthquake shaking and to estimate different sets of fre-
quency for varying amount of amplification factor that can designate zones into
various types of low, moderate and high risk categories by analyzing all three
sets of parameters consisted of peak frequency, peak amplification and site vul-
nerability index.

The Major litho-units in the area are Phyllites, Schists with intercalations of
Quartzite (Figure 2). The rock types mainly belong to Lesser Himalayas. The
stratigraphy is complicated because of large scale faults and thrusts. The Litho-
stratigraphy has been divided into different cycles by Geological Survey of India
[3].

Geotectonic settings of the study area had already been discussed in the re-
port. The main litho units in and around Pakyong area that belongs to Goruba-
than Formation of Daling Group (Proterozoic undifferentiated) and are
represented by low grade metapelitic rocks such as phyllite and schist with thin
intercalations of quartzites (Figure 2). The geological setting and stratigraphic
position of the rock units is complex due to intense tectonics, polyphase defor-
mation and metamorphism. The regional tectono-stratigraphic sequence of the
rock types exposed in Sikkim is as follows [3] [7] [8].

It is also found that some of the places are associated with the rock, which is

schistose and friable due to development of chlorite, mica and sericite.

2. Data and Methodology

In order to conduct a detailed site response study, the area is investigated by set-

ting up of a grid pattern with station interval varying from 0.5 km to 1 km
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Figure 2. Geological map with site response station of proposed Pakyong airport, Sikkim
(adapted from the report by [3]).

between neighbouring stations for the distribution of 52 stations for the ambient
noise survey in the area (Figure 3; Table 1). Data were recorded based on the
accessibility, availability of space and approach using high resolution seismo-
graph of Nanometrics. In this study, ambient noise data was recorded for conti-
nuous 2 hours using short period seismograph of Nanometrics. Seismographs
designed to be sensitive to high frequencies ranging from 1 Hz to 50 Hz are
called short period seismographs. Data recorded is in the mini-SEED format
which is then converted to SEISAN format and further to SAF format to be
processed in Geopsy using Nakamura technique, which has wide-scale applica-
bility in site-specific study elsewhere in India for different studies [2] [9]-[15]. It
is worth to mention that the gap in between stations is mainly because of
non-approachability along the steep slopes of hills and dense forest.

The site response results in terms of peak amplification, peak frequency and
vulnerability index (Table 1), were thoroughly analyzed to arrive at a conclusion
to understand which zones have what extent of vulnerability at sites.

Site Response Study: Seismic Microzonation

Site response study is one of the most important ingredients of Seismic Mi-
crozonation depending upon the local geology of an area, the degree of ground
shaking gets modulated and changeable, which may further influence the dam-

age to infrastructures. Unconsolidated sediments tend to amplify the ground
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Table 1. Site response station locations in and around Pakyong, Sikkim, Code: LHZ/NER/SSK/2013/035, FS: 2013-14.

SL Stn. f0 A0 Vulnerability Index
No. No. Location Latitude Longitude (Peak freq.) Hz  (Peak ampl.) K,=A/f,
1 PK1 Simsing 27°15'07.2" 88°36'31.1" 0.71 5.72 46.1
2 PK2 Namchepung 27°1529.2" 88°36'1.3" 5.87 2.59 1.1
3 PK3 Namchepung 27°15'13.9" 88°35'15.4" 0.88 4.16 19.7
4 PK4 Basnettgoan 27°15'02.1" 88°36'07.1" 3.48 2.40 1.7
5 PK5 Samsing 27°14'43" 88°36'17.6" 0.66 4.66 32.9
6 PK6 Pakyong 27°14'39.8" 88°36'52.1" 0.66 2.37 8.5
7 PK7 Tsalumthang 27°14'12.6" 88°35'49.4" 0.81 5.97 44.0
8 PK8 Tsalumthang 27°13'42.0" 88°35'50.5" 6.63 3.10 1.4
9 PK9 Dugalakha 27°14'11.5" 88°3620.3" 6.58 2.54 1.0
10 PK10 Dugalakha 27°14'19.9" 88°36'50.8" 0.73 7.04 67.9
11 PK11 Dikling 27°13'34.3" 88°35'31.1" 0.84 3.37 13.5
12 PK12 Mamjay 27°13'06.6" 88°3527.2" 0.99 291 8.6
13 PK13 Gumpa 27°13'24.0" 88°35'18.5" 0.67 3.37 17.0
14 PK14 Lusing 27°12'35.5" 88°35'45.4" 0.83 3.20 12.3
15 PK15 Namchepung 27°14'43.4" 88°35'41.2" 1.07 2.34 5.1
16 PK16 North Kartoke 27°14'33.1" 88°3522.8" 0.66 3.46 18.1
17 PK17 North Kartoke 27°1422.2" 88°35'10.0" 0.63 11.79 220.6
18 PK18 Raigoan 27°14'41.9" 88°34'57.1" 10.61 5.0 2.4
19 PK19 Pirikalakha 27°15'14.0" 88°34'41.0" 3.99 2.76 1.9
20 PK20 Dikling 27°13'47.1" 88°35'04.0" 10.80 1.47 0.2
21 PK21 Naya Basti 27°14'5.0" 88°34'53.3" 0.72 5.76 46.1
22 PK22 Damlakha 27°13'36.4" 88°34'36.5" 8.20 2.62 0.8
23 PK23 Satmali 27°13'20.5" 88°36'03.0" 0.67 3.92 22.9
24 PK24 Dikling/Pachey khani 27°13'03.2" 88°36'16.7" 0.60 4.80 38.4
25 PK25 Pacheykhani 27°12'33.8" 88°36'18.8" 0.65 2.66 10.9
26 PK026 Dugalakha 27°13'58.5" 88°3628.8" 0.66
27 PK27 Pacheykhani 27°12'55" 88°36'38.4" 11.21 2.72 0.7
28 PK28 Pachak 27°12'30.3" 88°34'06.0" 3.20 1.68 0.9
29 PK29 Pachak 27°12'49.3" 88°35'00.3" 0.67 5.50 45.1
30 PK30 Pachem 27°13'05.6" 88°34'30" 12.11 2.61 0.5
31 PK31 Airport 27°13'35.5" 88°35'23.7" 1.93 4.06 8.5
32 PK32 Airport 27°13'56.8" 88°35'26.0" 0.73 9.87 133.4
33 PK33 Airport 27°14'11.8" 88°35'34.3" 0.70 6.44 59.2
34 PK34 Assam Lingzey road 27°14'58.8" 88°36'51.5" 9.00 3.27 1.2
35 PK35 Pachey 27°14'27.0" 88°36'32.7" 11.86 2.07 0.4
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Continued
36 PK36 Pakyong 27°14'31.0" 88°36'08.5" 11.61 2.68 0.6
37 PK37 Pacheykhani 27°13'12.6" 88°36'45.8" 0.69 3.37 16.5
38 PK38 Tarabari (Pacheykhani) 27°12'32.8" 88°36'40.9" 1.46 2.05 2.9
39 PK39 Pacheykhani 27°12'45.6" 88°36'08.8" 1.80 2.32 3.0
40 PK40 Samsing 27°1527.7" 88°36'37.4" 0.73 2.97 12.1
41 PK41 Namchepung 27°15'17.2" 88°36'14.4" 9.53 2.07 0.4
42 PK42 Namchepung 27°15'15.5" 88°35'52.6" 0.66 1.77 4.7
43 PK43 Padamchey 27°12'30.7" 88°34'48.5" 0.65 3.47 18.5
44 PK44 Padamchey 27°12'37.0" 88°35'07.8" 1.98 3.01 4.6
45 PK45 Mamjay 27°13'10.0" 88°35'09.1" 0.68 4.47 29.4
46 PK46 Lusing 27°12'44.9" 88°3526.5" 0.96 3.84 15.4
47 PK47  Krisnotar (Upper Loosing) 27°12'56.0" 88°35'39.3" 0.62 8.92 128.3
48 PK48 Loosing 27°12'31.0" 88°36'01.4" 0.63 10.42 17.2
49 PK49  Namchepung (Basnettgaon) 27°14'59.5" 88°35'52.1" 0.72 8.22 93.8
50 PK50 Taaza 27°12'47.0" 88°36'58.8" 0.77 2.16 6.1
51 PK51 Naibu 27°14'47.6" 88°36'03.2" 0.65 8.88 121.3
52 PK52 Samsing 27°14'46.4" 88°36'35.6" 0.60 4.29 30.7

Location Map of site response stations of proposed Pakyong airport, Sikkim
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Figure 3. Location map of site response stations of proposed Pakyong airport, Sikkim.
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motion during earthquake. The amplitude of earthquake ground motion can be
increased or decreased by the properties and configuration of the near surface
material through which seismic wave propagate. As a seismic wave pass through
the media of increasing impedance the amplitude of the seismic wave decreases.
Increase in amplitude is greater on soft soils than on hard rocks. At higher fre-
quencies the impact of absorption can be very severe while at low frequencies
gets lesser.

Source characterization is an essential parameter to adjudge the nature and
extent of excitation of different soil layers for which source can be located at
near or shallow/surface or it can be located at a distance inside the sediments or
it can be at deeper location inside the bedrock. All these features can be dis-
tinctly distinguished by analyzing peaks in H/ V'ratio. Thus, source characteriza-
tion can be made on various characteristics, which have been thoroughly studied
and ascertained following facts. It is observed that a single peak is observed in
Hj V curve in the case when the source is near and on surface, on the other hand
double peak in H/ V graph may happen due to the source at a distance and lo-
cated inside the sedimentary layer. Most importantly, A/ V'ratio exhibits peak at
the fundamental and harmonic resonance frequencies when sources are deep,
located inside the bedrock, while surface sources are the major controlling fac-
tors for HJ V peaks.

We used Nakamura technique that uses the A/ V ratio, which is the ratio be-
tween the Fourier spectra of the horizontal and vertical components of ambient
noise. It is also defined as the ratio of horizontal-to vertical component of
ground motion. The advantage of this technique is that it is simple to apply, and
does not require a reference station. H/ V'is basically related to the ellipticity of
Rayleigh waves in vertical component. This ellipticity is frequency dependent
and exhibits a sharp peak around the fundamental frequency for sites displaying
a high enough impedance contrast between the surface and deep materials. On
soft soils the ratio exhibits a clear peak that is well correlated with the funda-
mental resonant frequency. Nakamura noted that in the basement to surface
layer, frequency dependent horizontal transfer function 7By({) that Hy({) is rea-
dily affected by locally generated social noise, which mainly consists of Rayleigh
waves. Nakamura also noted that the vertical spectrum at the surface layer V()
should include the local Rayleigh wave contribution, but the basement vertical
spectrum Vj({) is devoid of Rayleigh wave (Figure 4). The surface layer does not
amplify the vertical ground motion, the effect of the local Rayleigh waves on the
incident microtremor motion within the surface layer that can be presented as
the ratio of vertical spectrum at the surface layer [ V(f]] to the basement vertical
spectrum [ Vx(£J], which can be mathematically expressed as:

Br =V./Ve (1)

H] V spectral ratio studies interpret the Nakamura’s technique in relation to
the ellipticity ratio of Rayleigh waves for which high enough impedance contrast
exhibits pronounced peak close to the fundamental S-wave resonance frequency.

Nakamura technique, we used in this study is based on the assumptions such as:
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Figure 4. A schematic diagram for deriving H/ V'ratio.

Microtremors are composed mainly of Rayleigh waves, propagating in the soft
surface layers overlying the half space;

The microtremors are originated by local surface source (traffic and industrial
noise etc.) and they have no contribution from deep sources;

The amplification of the vertical component is exclusively associated with the
depth dependence of the surface (Rayleigh) wave motion.

The transfer functions of surface layers can be given by the ratio

Transfer Function of Surface Layer:

S=H,/H; 2)

However, considering the great contribution of Rayleigh wave propagation for
the ambient noise, it will be necessary to convert the ratio Hy Hp, in order to es-
timate a transfer function for microtremor measurements (assuming that the
vertical tremor is not amplified by the surface layers). The ratio £, defined below
should represent the effect of the Rayleigh wave on the vertical motion.

Rayleigh Surface Wave Energy ratio can be expressed as given in Equation (1).

Assuming that the effect of the Rayleigh wave is equal for vertical and hori-
zontal components, using Equation (1) & Equation (2), we can get a corrected
modified spectral ratio (S, as:

Su =S/Ex (3)
Computing values of “S” and “E}” in Equation (3), we can get:
Su = (HS/HB)/(VS/VB)
Sy =Hg Ny xHy Ny

As a final condition it is assumed that for all frequencies of interest
Hg/Vg =1 or Vy/Hy =1

Thus, an estimate of the transfer function is given by the spectral ratio be-

tween the horizontal and the vertical components of the motion at the surface
SM =H s/v s

It is therefore, the vertical component of microtremors on the surface retains
the characteristics of horizontal component of hard rock. The main objective of
deploying Nakamura’s method in this study is to estimate maximum site ampli-
fication and corresponding predominant frequency of ground for site response
study of the Pakyong airport site. The estimates of // 1 at every station of the

site are shown in Figures 5(a)-(f).
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Figure 5. (a) H/ V spectrum of site response stations (PK1 to PK9) in and around Pakyong site, Sikkim. The thick curve shows the
average of relative spectra and the upper and lower dotted line denote positive and negative standard deviation, respectively; (b)
H] V spectrum of site response stations (PK10 to PK18) in and around Pakyong site, Sikkim. Other notations are same as that of
Figure 5(a); (c) H/ V spectrum of site response stations (PK19 to PK25 and PK27) in and around Pakyong site, Sikkim. Other
notations are same as that of Figure 5(a); (d) H/ Vspectrum of site response stations (PK28 to PK 36) in and around Pakyong site,
Sikkim. Other notations are same as that of Figure 5(a); (e) H/ V'spectrum of site response stations (PK37 to PK45) in and around

Pakyong site, Sikkim. Other notations are same as that of Figure 5(a); (f) H/ V spectrum of site response stations (PK46 to PK52)
in and around Pakyong site, Sikkim. Other notations are same as that of Figure 5(a).
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It is now understood that the amplitude of earthquake ground motion is af-
fected by the properties and configuration of the near surface material through
which seismic waves propagate. Amplitude of the maximum amplification is re-
lated mainly to the impedance contrast between the surface and the underlying
bedrock, to the material damping in sediments and to the characteristics of the
incident wave field (types of wave, incidence angle, near field or far field etc).
The amplification (A4,) at fundamental frequency (F) is given by

A =Y(YC +05ns,),

where, C=p,V,/pV, istheimpedance contrast and ¢ is the material damping
of the sediments. In case of very small damping (¢; =0), the maximum amplifi-
cation is simply double the impedance contrast and in case of small damping the
maximum amplification is simply the impedance contrast.

Amplification of the ground occurs in the following field conditions:

1) Large amplification has been observed over loose, unconsolidated sedi-
ments.

2) Amplification is larger at mountain tops because of larger horizontal com-
ponent of S wave than that of vertical component of P wave.

3) Earthquake damage is large over soft sediments than the hard rock because
of trapping of seismic waves by soft sediments due to the impedance contrast
between soft sediments and underlying bedrock.

4) Nonlinear behavior of soft soils during strong earthquakes is characterized
by decreased amplification due to decrease in shear wave velocity and increase in
material damping.

5) The amplification of higher peaks decreases with increasing frequency. The
higher amplification of the soils will occur at the lowest natural frequency or its
fundamental frequency. The period of variation corresponding to the funda-

mental frequency is called the characteristic site period.

@ = 7;_\:'5 @, = fundamental frequencty
V, = Shear wave velocity
H = Soil thickness
T, = 2n _4H T, = Characteristic site
ZUO Vs

Based on above formulations we estimated Amplification factors for all sta-
tions (Figure 6) with corresponding Peak frequencies (Figure 7).

Site vulnerability Index (X))

Site Vulnerability (K,) is regarded as the most important parameter to esti-
mate the degree of damage to the study area, because of its direct bearing on
ground motion. K, values have been proposed by [16] for accurate estimates of
earthquake damage to surface and structures. Vulnerability index, K,, derived

from resonant frequencies, £, and peak amplification factor, 4, [17]

ngpbz/fo
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Peak Amplification Factor Contour Map of proposed Pakyong airport, Sikkim
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Figure 6. Distribution of Peak amplification factor as shown in the color scale in and
around Pakyong site, Sikkim, India. The Black rectangle shows the boundary of the Pa-
kyong airport site.

Peak Frequency Contour Map of proposed Pakyong airport, Sikkim
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Figure 7. Distribution of Peak frequency in and around Pakyong site, Sikkim, India.
Other notations have same meaning as that of Figure 6.

“K,” is a value corresponding to the site and can be considered as a vulnera-
bility index of the site, which might be useful to identify weaker and stronger
sites of the ground. Figure 8 shows vulnerability for the sites of Pakyong area.

After estimating the resonant frequencies, £ and peak amplification factor, A4,
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Site Vulnerability Index Contour Map of proposed Pakyong airport, Sikkim
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Figure 8. Distribution of Site Vulnerability Index in and around Pakyong airport site,
Sikkim, India. Other notations have same meaning as that of Figure 6.

[17], K, values have been estimated for respective sites in order to make division
into discrete zones of weak surface covers with respect to observation from Na-
kamura’s technique.

3. Results and Discussion

The site specific soil characteristics to understand the degree of its amplification
during earthquake shaking and to estimate different sets of frequency for vary-
ing amount of amplification factor can help designate zones into various types of
low, moderate/intermediate, and high risk categories by analyzing all three sets
of parameters consisted of peak frequency, peak amplification and site vulnera-
bility index are as shown in Table 2.

As mentioned above, we obtained H/ V'spectrum of the site response for all 52
stations of the study area [Figures 5(a)-(f)], Peak Amplification factor Map
(Figure 6), Peak Frequency Map (Figure 7), and Site Vulnerability Index
(Figure 8) for the study area, which shed an important light on distribution of
all these three parameters in different zones (Zone I, Zone II, Zone III) of vary-
ing vulnerability (Table 2). It is found that the H/ V' spectrum of site response for
stations (PK 13, PK 20, PK 31, PK 32, PK 33) falling in the Pakyong airport area
as shown in Figures 5(a)-(f). Detailed analysis of Figures 5(a)-(f) revealed that
a single peak is observed in A/ V curve in the case when the source is near the
surface. We also found double peak in H/ V graph, representing the source at a
distance and located inside the sedimentary layer. It is worth to mention that

peak of H/V ratio at the fundamental and harmonic resonance frequencies,
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Table 2. Distribution of 3-parameters: peak frequency, peak amplification factor, and site vulnerability index.

Parameters Zone-1 Zone-II Zone-III
Peak Frequency >8.0 Hz 45Hz-8.0Hz 0.5Hz- 4.0 Hz
Peak Amplification Factor >7.5 4.0-75 1.5-4.0
Site Vulnerability Index >140 80 - 40 10 - 70
Remarks High Vulnerability Intermediate Vulnerability Low Vulnerability

suggesting that sources are lying at deep inside the bedrock. It is, therefore, sur-
face sources are the major controlling factors for A/ V peaks (Figure 6).

The site response (SR) in terms of peak amplification factor in the Pakyong
area varies from 1.47 to 11.49 (Figure 6). The highest amplification value is ob-
served at PK17 (North Kartoke, near Kartok/Gampa), with its A, value as
11.79, and is located in the north-western part of airport boundary. Amplifica-
tion values ranging from 7.5 and above are categorized under the highly vulner-
able Zone I which is observed at central portion of airport area trending in
NW-SE pattern. The whole proposed airport area is covered with Chlorite Phyl-
lite with intercalation of quartzite. This high amplification in the airport area
may be due to loose and thick soil cover associated with low frequency ranges
from 0.6 Hz to 6.0 Hz. Amplification values ranging from 4.0 to 7.5 are classified
under Intermediate Zone II. These Intermediate values are observed near Sims-
ing (PKO01), Samsing (PKO05), Tsalumthang (PK07), Naya Busti (PK21), Dikling
(PK24), Upper Lusing (PK47) and Pachak (PK29). The intermediate values as-
sociated with high amplification zone at the central portion of the airport area
showing frequency variation in the range of 4.0 to 8.0, indicating continuous de-
crease of soil thickness in the same rock formation. Low amplification values
were observed from 1.5 to 4.0. The low amplification zone is observed near Pa-
kyong (PK-06) and extending to different locations passing through Dugalakha
(PK-09), Gumpa (PK-13), Pirikilakha(PK-19), Dikiling (PK-20), Dumlakha
(PK-22), Pacheykhani (PK27), Pachem (PK-30), Assam Lingzey Road (PK-34)
and Pachey (PK-35), suggesting comparatively competent sub-surface condi-
tions. The area near stations Dugalakha (PK09), Dikiling (PK20), Dumlakha
(PK22), Pachem (P30), Pachey (PK35) and Namchepung (PK41) correspond to
the lesser amplification factor at varying frequency, indicating the most compe-
tent sub-surface soil formations. Based on above observations, we interpret that
the low amplification and high frequency may represent sub-surface formation
of lesser thickness. In the present study, the site amplification ranges from 2.0 to
12.0 which are in unison to earlier study by [18] for which, the range of soil var-
iation in site amplification A, ,, varies as A,,, < 2.5 to 28.5 for the state of Sikkim
and surrounding area.

Peak frequencies observed in the Pakyong airport site found varied between
0.5 Hz and 12.0 Hz (Figure 7). The highest peak frequency value was observed
at PK30 (Pachem), with f,, value as 12.11Hz on the south of Damlakha village.
It is worth to mention that a landslide has reported to occur nearer to station
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PK30.

On the basis of peak frequency contour map (Figure 7), three frequency zones
are identified. The highest frequency Zone I ranges from 7.5 Hz to 12.5 Hz asso-
ciated with low amplification values represent lesser soil thickness. The high
frequency zones are observed Pachem (PK30, f, ., 12.11 Hz), Pachey (PK35, f,_
11.86 Hz), Pakyong (PK36, £ 11.61 Hz), Pacheykhani (PK27, f_,, 11.21 Hz),
Dikling (PK20, ., 10.80 Hz), and Raigaon (PK-18, f_, 10.61 Hz). The interme-
diate frequency Zone II ranges between 4.5 Hz to 8.0 Hz, however, the low fre-
quency Zone III ranges from 0.5 Hz to 4.0 Hz. In the proposed airport area, the
frequency ranges between 0.5 Hz to 7.5 Hz over chlorite phyllite with intercala-
tion of quartzite.

The high values of peak frequency and peak amplification factor is inferred
because of greater thickness of weathered zone at the particular site (Figure 6 &
Figure 7).

High value of vulnerability index is represented in the area of chlorite phyllite
geology (Figure 8). High amplification zone associated with high vulnerability
indices (Kg) is found in the central portion of then proposed airport area trend-
ing NW-SE. In other part of the study area the vulnerability index is low in
comparison with the airport area.

In the proposed Pakyong airport site, high amplification values associated
with high vulnerability indices in central part of study, so as to reduce the im-
pact of amplification, compactness of loose soil and weathered rock. Based on
distribution of Peak amplitiude, Peak frequency, and Site Vulnerability Index,
we categorized our study area into three categories, such as Zone I, Zone II, and
Zone III. Peak amplification and the corresponding peak frequency values were
quantified at every station using Nakamura method. Site vulnerability index was
also prepared to ascertain the degree of damage to infrastructures in these zones.
The risk vulnerability of zones are varying as Zone I > Zone II > Zone III. It was
found that the study area is conspicuously associated with site amplifications va-
riability from 2.0 to 12.0 with that of corresponding peak frequency from 0.5 Hz
to 12.5 Hz. The anomalous sub-surface formation with its high amplification
corresponds to the centre of the Pakyong airport site having conspicuous trend
in NW-SE direction, which in turn suggests the existence of the geological for-
mations of Chlorite Phyllite with intercalation of quartzite beneath the centre of
the Pakyong airport site. The high amplification in the proposed airport area
may be due to presence of intrusive bodies embedded with loose and thick soil
cover associated with low frequency ranges 0.6 Hz to 6.0 Hz. We infer that high
vulnerability index corroborates with the conspicuous trend of the sub-surface
intrusive bodies with loose and thick soil cover having similar trend of NW-SE
direction in the central part of the Pakyong airport site having high variability
with similar pattern to that of amplification factor in and around Pakyong air-
port area. These observations indicate that the Zone I has the highest vulnerabil-
ity whilst those of other zones associated with comparatively compact parts of

the subsurface materials have less amplification, suggesting less thick soil cover
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in the study area guarded by both high and low amplified zones of sub-surface
formations. It is imperative to mention that for requisite engineering solutions
may help minimizing the impact of earthquake shaking by reducing the extent of
amplification of the sub surface formations through enhancement of the relative
strength of the soft sediments underlying the Pakyong airport site for develop-

ment of risk resilient infrastructural facility for the Sikkim state of India.

4. Concluding Remarks

Sustainability of structures is ensured by adopting risk resilient measures at the
time of constructing infrastructures such as endeavour taken care of using sound
buildings design codes, which can be generated through seismic microzonation
study of the site. The Pakyong site is conspicuously guarded by two different
sub-surface formations with the highest amplification factor to its NW and the
moderate amplification factor to its NE. It is interesting to note that the central
portion of the airport site is associated with high amplification factor as well as
moderate to high site vulnerability index that corresponds to lose/soft soil for-
mation of lesser strength that may have a greater impact during earthquake
shaking. In order to develop risk resilient Pakyong airport as the vital infra-
structural facility for Sikkim, India, robust engineering solutions might have

been applied.
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