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Abstract—Local site characteristics play an important role in
controlling the damage pattern during earthquakes (EQs). These
site characteristics may vary from simple to complex and can be
estimated by various field tests. In addition, extended Nakamura’s
method, which uses horizontal to vertical spectral ratio (HVSR)
based on available EQ records also available for site class (SC)
determination. In this study, SCs for 90 recording stations which
are maintained by Program for Excellence in Strong Motion
Studies (PESMOS), located in the northwestern Himalayas and the
adjoining areas are determined using extended Nakamura’s tech-
nique. Average HVSR curves obtained at majority of the recording
stations are found matching with the existing literature. Predomi-
nant frequency (fpeax) from average HVSR curve at each recording
station is then used for the determination of SC. Original SC given
by PESMOS is purely based on geology and not based on com-
prehensive soil investigation exercise. In this study, the SC, which
is based on the average HVSR curves is found matching with SC
given by PESMOS for a majority of recording stations. However,
for considerable number of recording stations, a mismatch is also
found which is consistent with the existing literature. In addition,
SC based on National Earthquake Hazard Reduction Program
(NEHRP) scheme is proposed based on fi,cqx for all the 90 recording
stations.

Key words: Local soil, PESMOS, site classification,
northwest himalayas, HVSR.

1. Introduction

The characteristics of surface ground motion at
any location during an EQ mainly depends on three
parameters; EQ magnitude, epicenter distance and
local soil conditions. Among these three parameters,
local soil condition has a higher influence on the
surface motion characteristics (Apostolidis et al.
2006; Anbazhagan et al. 2011; Mohamed et al. 2013;
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Kumar and Baro 2016; Mondal and Kumar 2016;
Kumar et al. 2016, 2017a, b; Banerjee and Kumar
2017a, b; Kumar and Mondal 2017). The soil deposits
can modify the input ground vibration by amplifying
it at certain frequencies while deamplifying at other
frequencies (Walling et al. 2009; Kumar et al. 2015).
This phenomenon is known as local site effect and is
a major factor responsible for the surface level of
ground shaking witness during an EQ (Mirzaoglu and
Dykmen 2003). Local site effect causes varying
amplification in the ground motion resulting in non-
uniform EQ induced damage patterns. The effects of
local soil were evidenced during the 2001 Bhuj EQ.
Amplification of ground motions by the soil layers
caused severe damage in areas far from the epicenter
(Mahajan and Kumar 2004). Ahmedabad, Bhuj,
Rajkot, Anjar and Gandhidham regions spreading
over 350 km away from the epicenter were amongst
the severely affected areas (Verma et al. 2014). This
EQ caused severe damages to the dams at Fategadh,
Kaswati, Suvi, and Tapar, built on alluvial soil
(Krinitzsky and Hynes 2002). Another example is the
2011 Sikkim EQ (Mw = 6.9), where the epicenter
was located north-west of Chungthang towards the
Indo-Nepal border in Sikkim. Even though the size of
the EQ was moderate, it caused considerable damage
to the buildings in the northern parts of Bihar, eastern
Nepal, southern Bhutan and parts of Tibet (Mahajan
et al. 2012), located several hundreds of kilometers
away from the epicentre. Instances reported above
from the Indian subcontinent are clear indications of
the fact that local site is responsible for a majority of
the damages not only in the epicentral region but at
farther distances as well, during a moderate to major
EQ event. Hence, effective estimation of the influ-
ence of local site, upon bedrock motion, is an
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important factor in understanding the surface ground
motion scenario and the possible extent of induced
damages during an EQ.

SC has been one of the key issues in EQ engi-
neering. Most of the classification systems proposed
till date [such as, National Earthquake Hazards
Reduction Program (NEHRP BSSC 2003); Eurocode
8; International Building Code (IBC 2009)] use top
30 m based average N-SPT (N3p) or 30 m average
shear wave velocity (Vo) or Cu values for the
determination of SC. Vg is popular because it is
comparatively a simple parameter and the data
acquisition is faster (Martin and Diehl 2004). How-
ever, several researchers including Stephenson
(2007), Park and Hashash (2004) have raised doubts
regarding the effectiveness of V3o to predict site
amplifications. Lee and Trifunac (2010) demon-
strated that V3o should not solely be considered to
represent the site amplification. Later, Luzi et al.
(2011) proposed SC chart based on soil predominant
frequency (fpeax) Obtained from HVSR of EQ records,
either as an alternative or as a complement to V3.

Strong motion recordings are widely used in
several seismic zonation and seismic risk analyses.
Development of ground motion prediction equation
(GMPE) requires regional ground records. Number of
researchers have attempted seismic hazard analyses
of different cities in India. Most of these studies,
however, provide the seismic hazard values at bed-
rock level in the absence of regional subsoil
characteristics. It has to be mentioned here that the
application of such studies to provide surface level
seismic hazard values are very limited. In addition,
quantification of induced effects cannot be attempted
based on available bedrock level seismic hazard
studies. A good quality accelerogram should include
information regarding the station location, EQ sour-
ces, ground motion parameters and Sc. Accurate
assessment of SC of strong motion station is required
to determine the suitability of strong motion record-
ings for specific application. PESMOS (http://www.
pesmos.in/) is one of the most significant sources of
ground motion records in India. The recording sta-
tions do not have adequate subsoil information.
Therefore, no accurate assessment of SC is available
at present. In the present study, strong ground motion
records from 90 seismic stations located in the
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northwestern Himalayas and the adjoining region are
used to develop HVSR curves to determine the SC of
each of these recording stations.

2. Theoretical Background

To understand the subsoil characteristics, Naka-
mura (1989) proposed a methodology using
horizontal to vertical ratio of Fourier spectrum of
recorded ambient noises (called microtremors) pro-
duced from artificial sources. Nakamura (1989)
technique was based on the assumption that only the
horizontal component of ground motion record
retains the soil amplification characteristics while the
source and the propagation path characteristics are
maintained in both vertical as well as horizontal
components of ground motion. Thus, the Fourier ratio
of horizontal to vertical components of ground
motion (HVFR) record eliminates the source and
propagation path effect and gives the site character-
istics alone. Later, Yamazaki and Ansary (1997)
analyzed HVFR of strong ground motion data from
Japan Meteorological Agency and reported the sta-
bility of the method, regardless of the magnitude of
EQ. In another work, Theodulidis and Bard (1995)
compared the HVFR of strong ground motion cal-
culated from Greece and Taiwan accelerograms with
the theoretically estimated amplification transfer
function and reported good similarities in terms of the
Jpeak values. Highlighting the challenges in obtaining
HVEFR curves in terms of obtaining clear and distinct
peaks, to determine the fye. values, horizontal to
vertical spectral ratio (HVSR) was proposed by Zhao
et al. (2006) considering 5% as system damping.
With this specific advantage, HVSR has become
popular in understanding the site characteristics.
Zhao et al. (2006) developed an empirical classifi-
cation scheme based on the fj,c.x values obtained from
the HVSR using K-net strong motion records in
Japan.

3. Study Area

The entire Himalayan arc is approximately
2500 km in length, extending from Kashmir in the
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northwest to Arunachal Pradesh in the northeast. The
seismicity of this region is due to the continued
convergence of the Indian plate against the Eurasian
plate (Srivastava et al. 2013; Anbazhagan et al.
2013). This convergence started approximately about
50 million years ago and at present the rate of colli-
sion between the two plates is 5 cm per year. This
collision resulted in uneven stress accumulation and
subsequent formation of a series of thrust sheets, at
different segments (Mugnier et al. 2013), along the
2500 km Himalayan belt. The entire Himalayan belt,
based on seismic activity, has been classified into
three distinct segments namely; the Western, the
Central and the Eastern segment. For the present
work, the northwestern segment of the Himalayas
located to the west of 1905 Kangra EQ, is considered
for the determination of SC of the recording stations.
Some of the major populated urban centers in India
such as Dehradun, Haridwar, Roorkee, Amritsar,
Delhi and many more are in close vicinity of the
northwestern Himalaya. Tectonic features in the
region includes the Main Central thrust (MCT), the
Main Boundary thrust (MBT), the Karakoram fault,
the Malari Fault, the Jhelum Balakot fault (JBF), the
Jwala Mukhi thrust (JMT), the Drang thrust (DT), the
lesser Himalayan Crystalline Nappes (LHCN), the
Jammu thrust, the Vaikrita thrust, the Ramgarh thrust
(RT) and the Himalayan frontal thrust (HFT). Among
these, the MCT, the MBT and the HFT are consid-
ered to be the most tectonically active seismic
sources in the region (Ni and Barazangi 1984). Some
of the active faults between the HFT and the MBT
had generated major EQs in the region (Philip et al.
2014). The most prominent EQs in the span of last
120 years in the western Himalayan zone include
1905 Kangra-Himachal Pradesh EQ (M, = 7.8)
(Ambraseys and Douglas 2004) and 2005 Muzzafar-
bad-Kashmir EQ (M,, = 7.6) (Avouac et al. 2006).
Both these EQs had caused severe loss of life and
infrastructure. The more recent 1999 Chamoli EQ
and 1991 Uttarkashi EQ occurred on the MCT zone
(Harbindu et al. 2014; Kayal 1996). The 1999 Cha-
moli EQ caused a huge landslide in Gopeshwar,
situated less than 2 km northwest of Chamoli city
(Sarkar et al. 2001). The region of Delhi is of
strategic importance being the national capital. In
addition to the western Himalayas, regional active
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sources in the adjoining areas exist adjoining the
national capital namely the Mahendragarh fault, the
Delhi Haridwar fault, the Sohna fault, the Delhi
Meerut fault and the Rajasthan boundary fault
(Iyengar and Ghosh 2004).

4. HVSR Calculation

Fourier spectra of EQ record in general contains
many spikes. Thus, smoothening of the Fourier
spectra is essential for identifying a clear and distinct
peak (Konno and Ohmachi 1998). Figure la shows
the HVFR curve based on recorded ground motions at
Champawat recording station during July 2010 EQ. It
can be observed from Fig. la that the HVFR curve
contains several spikes, with no distinct peak. This
creates difficulty in computing the fye for the
Champawat recording station. The number of spikes
in the HVFR curve vary drastically from one EQ
record to another, for the same recording station.
Thus, the extent of smoothening varies for different
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Figure 1
Comparison between horizontal to vertical ratio of Fourier Spectra
(a) and response spectra (b) for Champawat station
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records even at the same station to get clear peaks.
The site response characteristics obtained from the
HVEFR curve thus vary with the extent of smoothen-
ing (Zhao et al. 2006). Theoretically, the Fourier
amplitude spectra can be approximated by the rela-
tive velocity response spectra with a low value of
damping ratio (Yamazaki and Ansary 1997).

Based on the work, Zhao et al. (2006) concluded
that instead of considering the ratio of horizontal to
vertical records in terms of Fourier spectra, if the
ratio of spectral acceleration for 5% damping is
considered, it will have significant effect on
smoothening. The 5% damped acceleration spectra
have a spectral shape which is similar to that of the
Fourier spectra except that the sharp peaks of the
Fourier spectra (see Fig. 1a) are not present in the
response spectra (see Fig. 1b). In addition, the num-
ber of spikes will be reduced considerably, thus
giving a clear peak. Moreover, the extent of
smoothening will be uniform for all the records.
Thus, HVSR will provide consistent results inde-
pendent of ground motion records (Zhao et al. 2006).
Compared to Fig. 1a, b has lesser spikes and thus the
peaks are clearly visible. With this observation, fur-
ther analyses in this work are done based on HVSR
curves instead of HVFR curves. To determine the
HVSR, the following procedure has been adopted;

e Considering 5% damping ratio value, calculate the
response spectra for the three components (north—
south, east-west and vertical) of ground motion
records.

e Smoothen the response spectra of each of the three
components using a Konno-Ohmachi (1998) win-
dow with a bandwidth parameter b of 20.

e Obtain the geometric mean of the two horizontal
response spectra components (H) using the Eq. (1)
below;

H = (HEW X HNs)O‘S (1)

o Calculate the ratio of H to V (H/V).

where, Hgw and Hys are the pseudo response
acceleration (PSA, 5% damped) of the horizontal
east—west and north—south components, respectively,
and V is the PSA of the corresponding vertical
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component. Then, the HVSR at each station can be
determined as;

(HVSR),= 2)
where Ni is the number of events recorded at station
i. Further, HVSR; indicates the average HVSR value
for a particular station i. The f,..x for a station is the
frequency corresponding to the maximum value of
HVSR; at that station. Based on fpe.x, that particular
recording station can be assigned a suitable SC.

The classification scheme adopted by PESMOS
consists of three SCs namely; SC A, SC B and SC C
following Borcherdt (1994). The general description
about the ground for each SC is presented in column
2, Table 1 in accordance with Borcherdt (1994). It
can be observed from Table 1 that PESMOS provides
three SCs against Vo varying between 200 and
1620 m/s. On the other hand, widely followed
NEHRP (BSSC 2003) site classification scheme cat-
egorizes the local soil into five different SCs with a
wide range of V3o as shown in Table 2. Comparison
of Tables 1 and 2 suggests that SC E as per NEHRP
which is considered as potentially liquefiable soils is
absent in Borcherdt (1994) classification scheme. For
very hard rocks (Vo > 1620 m/s), no SC is given as
per Borcherdt (1994) which is classified as SC A as
per NEHRP (BSSC 2003). The effectiveness of
classifying site based on fyeqx is already highlighted
earlier. For further analysis in this work, the fyeq of
different SCs given as per Borcherdt (1994) and
NEHRP (BSSC 2003) should be calculated. For a
single layer model over half space, the value of f,cax
is correlated to the soil depth (H) and shear wave
velocity (V,) as per Eq. (3) below (Kramer 1996);

Foeac =Ygy (3)

Considering H as 30 m as overburden thickness,
V, will become V3. Based on the range of V3 for
various SCs, the range of fi.. is estimated in
accordance with Eq. (3) as shown in column 4,
Tables 1 and 2 considering 30 m as overburden
thickness. Further, the values of f,..« for each of the
90 seismic station is determined based on ground
motion records at each station during various EQs as
discussed in the later section.
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Table 1

Site classification scheme for strong motion recording stations as per PESMOS (modified after Mittal et al. 2012)

Site  General description Shear wave Fundamental
class 2 velocity (m/s) frequency (Hz)
1 3 4
A Firm/hard rocks (Fresh and compact metamorphic e.g. gneiss, schist, migmatites, phyllites, 700-1620 5.8-13.33

quartzites, dolomites and igneous rocks e.g. granites, granodiorites, granitoids, basic

volcanics)
B Soft to firm rocks (Sedimentary rocks e.g., sandstone, shale, limestone) 375-700 3.125-5.83
C Soils (Alluvium, slope wash material, Aeolian) 200-375 1.667-3.12

Table 2
NEHRP site classification (BSSC 2003)
Site class General description Shear wave velocity (m/s) Fundamental frequency (Hz)
1 2 3 4
A Hard rock > 1500 > 12.71
B Rock 760-1500 6.35-12.70
C Very dense soil and soft rock 360-760 3.05-6.35
D Stiff soil 180-360 1.52-3.05
E Soft soil < 180 < 1.525
5. Data Bank the parts of northwestern Himalayas as well as

The seismicity of the western Himalayas and the
adjoining Delhi area has been discussed earlier sug-
gesting that both the regions have experienced
significant damages during various EQs in the past.
Thus, understanding the subsoil characteristics of
both the regions is very important. For monitoring the
ongoing seismicity in different segments of the active
regions of India, 300 state of the art digital strong
motion accelerographs were installed. These seismic
recording stations are distributed in the northern and
northeastern parts of India as well as in the Andaman
and Nicobar Islands as a part of the “National Strong
Motion Instrumentation Project” to monitor EQs
(Kumar et al. 2012). Information regarding the
instrumentation, processing of records and network-
ing of the accelerographs was reported by Kumar
et al. (2012). The strong motion records from the
above seismic recording stations are available from
PESMOS website (http://www.pesmos.in/) within the
period of 2004 till present. In the present study,
ground motion records from 90 seismic recording
stations under PESMOS, are considered for the
analyses. All these recording stations are located in

regions in and around Delhi as shown in Fig. 2. It can
be seen in Fig. 2 that the recording stations are cov-
ering the states of Punjab, Himachal Pradesh,
Haryana, Uttarakhand and Delhi. In addition, a uni-
form distribution of seismic recording stations in
Uttarakhand and Himachal Pradesh regions can be
seen from Fig. 2. On the other hand, a dense network
of seismic stations can be seen for Delhi from Fig. 2.
It has to be mentioned here that numbers given in
Fig. 2 for various recording stations in each state are
corresponding to Sl. No. given in Table 3. Further,
states of Jammu and Kashmir and Uttar Pradesh have
1 and 3 recording stations which are presented in the
combined map of states (see E in Fig. 2).

Seismic activity of these recording stations can be
understood from the fact that 1905 Kangra EQ (M-7.8),
occurred in Himachal Pradesh while events such as
1991 Uttarkashi EQ (M-6.8) and 1999 Chamoli EQ
(M-6.5) occurred in the Uttarakhand region. Similarly,
Punjab is also seismically active having witnessed
events such as 1952 Kapurthala EQ (M-5.2). On the
other hand, some of the past EQs that occurred in Delhi
including 1720 EQ (M-6.5), 1830 EQ, 1956 EQ (M-
6.0), etc. highlight the alarming seismic activity of


http://www.pesmos.in/

94

N. H. Harinarayan, A. Kumar

Pure Appl. Geophys.

w
=N
L

7{&)

Latitude (N) (

w
S
I

28.454

b (E) (Degrec) 0 0.5 1 15 2

4

6 8

30.59

29.54

29+

©
=
4
in
n
¥}

Figure 2
Locations of PESMOS recording stations used in the present study (Note: A-Punjab; B-Haryana; C-Uttarakhand; D-Himachal Pradesh; E
presents recording stations 1, 2, 3 from Uttar Pradesh and 4 from Jammu and Kashmir; F-Delhi)

Delhi. Table 3 lists all the 90 recording stations used in
the present work. It has to be highlighted here that a
number of stations having the same name but different
coordinates are also available in PESMOS. To handle
larger database, recording stations with same name are
nomenclature in this work as Rohtak 1 and Rohtak 2
shown in Table 3, column 2. SC for each recording
station as given by PESMOS is listed in Table 3, col-
umn 3. It can be observed from Table 3, column 3 thata
majority of the recording stations are assigned SC C
while a significant number of recording stations also
belong to SC A. Very limited number of recording
stations belong to SC B. Table 3, column 6 and 7 give
the standard deviation in fyeax and Apeqx, Tespectively.
The value of standard deviation of fpe, varies from
0.02 to 2.8. The low value of standard deviation

indicates the stability of f,..c of various EQs for a
particular recording station. The value of standard
deviation in case of A,y is in the range of 0.26-3.75 as
can be observed from Table 3, column 9.

To examine the site characteristics, 300 ground
motion records generated during 52 EQs and recor-
ded at above 90 recording stations are considered in
the present work. The epicenter location of all the 52
EQ events used in the present study is presented in
Table 4. It can be observed from Table 4, column 5
that magnitude (M) of EQ considered in this work
varies from 3.5 to 6.8. In addition, ground motion
records for moderate events, such as the Hindu Kush
EQs of Olst January 2009 (M = 6.4), and of 17th
September 2010 (M = 6.5), are included in the
dataset.
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Table 3
Detail of strong motion recording station

SI no. Station Y freak (H2)  Apear d e SI no. Station % freak H2) Apeac © ¢ ¢ e
1 > 3 4 s 8 9 1 2 3y 5 6 7 8 9
Delhi Uttarakhand
1 Rohtak 1 A 5.00 391 B C 090 210 1 Champawat A 555 650 B C 0.78 1.85
2 Rohtak 2 A 5.60 350 B C 088 210 2 Patti A 385 780 B C 0.66 2.5
3 INU A 125 256 A B 0.62 152 3 Pithoragarh 1 A 454 310 B C 058 214
4 Karol Bagh Delhi A 10.00 452 A B 280 246 4 Pithoragarh 2 A 555 690 B C 0.87 3.33
5 DHB 1 A 7.14 377 A B 280 246 5 Almora A 294 420 C D 0.87 093
6 DHB 2 A 417 939 B C 150 250 6 Bageshwar A 152 520 C E 0.18 1.25
7 DHB 6 C 1.07 516 - E 049 200 7 Lansdown A 6.18 450 A C 053 29
8 DHB 7 C 1.04 232 - E 074 130 8 Dharchula A 278 560 C D 068 1.5
9 DHB 8 C 454 426 B C - - 9 Kapkot A 333 930 B C 0.68 3.75
10 IMD A 625 296 A C - - 10 Garsain A 227 450 C D 036 2.08
11 NTPC Cc 277 536 C D 048 1.58 11 Munsyari 1 A 238 340 C D 078 3
12 Kalkaji Delhi C 4.17 460 B C 023 075 12 Munsyari 2 A 1.60 350 - D 047 215
13 Dhaula Kaun Delhi C 3.84 320 B C 041 130 13 Pauri A 312 320 B C 0.85 255
14 Delhi C 1.08 678 - E 037 250 14 Rudraprayag A 147 590 - E 0.07 212
15 NSIT Cc 227 388 C D 036 185 15 Tehri A 15 550 - E 048 0.55
16 Jakir hussain C 357 706 B C 052 145 16 Chamoli A 151 750 - E 0.08 3.51
17 Raja Garden Delhi C  3.12 368 B C 136 198 17 Ghansali A 454 550 B C 071 13
18 Iderprastha Univ C 263 767 C D 125 250 18 Joshimath A 0.74 310 - E 0.05 1.60
19 Alipur C 250 6.67 C D 029 230 19 Uttarkashi A 217 440 C D 0.87 1.80
20 Khatima C 2.00 805 C D - - 20 Barkot A 333 550 B C 047 203
Himachal Pradesh 21 Kotdwar B 0.64 360 - E 0.05 1.58
1 Sunder Nagar A 5.00 378 B C 120 0.68 22 Dhanaulti B 1.85 710 C D 05 1.60
2 Nathpa 1 A 454 436 B C 036 180 23 Chakrata B 192 450 C D 141 049
3 Nathpa 2 A 454 436 B C 025 230 24 USN Cc 278 78 C D 0.14 1.53
4 Kullu A 312 3 B C 1.10 1.80 25 USN 2 C 217 10 C D 069 25
5 Chamba A 192 294 C D 0.14 150 26 Tanakpur C 5.00 630 B B - -
6 Keylang A 16.67 220 - A 200 1.05 27 Kashipur C 312 990 B C - -
7 Tissa A 10.00 337 A B 160 190 28 Roorkee C 1.52 530 - D 0.09 0.26
8 Bilaspur B 0.26 2.9 - E 002 069 29 Vikas Nagar C 227 830 C D 029 252
9 Hamirpur B 333 6.6 B C 039 230 30 Rishikesh C 3.33 640 B C - -
10 Mandi B 250 511 C D 095 1.69 31 Dehradun C 3.12 740 B C - -
11 Dehra B 10.00 540 A B 1.69 230 Jammu and Kashmir
12 Dharmashala B 278 417 C D 073 215 4 J and K A 278 58 C D 09 1.69
14 Rampur 1 A 263 557 C D 047 281 Haryana
13 Rampur 2 C 250 403 C D 054 136 1 DHB 3 C 294 390 C D 029 218
15 HM Punjab 1 C flat flat - - - - 2 DHB 4 C 294 340 C D 0.69 236
16 Jubbal A 556 448 B C 066 147 3 DHB 5 C 0.78 360 - E 0.03 1.69
17 Kasauli B 2.08 103 C D 005 169 4 Gurgoan Delhi C 0.98 680 — E 0.05 156
Punjab 5 Rohtak 3 C 192 370 C D 1.61 0.37
1 Patiala C 1.00 595 - E 0.09 1.69 6 Rohthak 4 C 5.00 420 B C 029 136
2 Nawan Shahar C 1.11 857 - E 027 266 7 Rohtak 5 C 2.08 290 C D 036 1.63
3 Garsain C 083 87 - E 006 214 8 Jhajjar C 220 460 C D 037 2.10
4 Jalandhar C 1.67 7.4 C D 097 255 9 Kaithal C 1.11 570 - E 0.03 1.69
5 Kapurthala C 18 251 C D 0.09 0.69 10 Sonipat C 278 450 C D 045 214
6 UNA C 1.78 5.8 C D 0.82 2.61 Uttar Pradesh
7 Amritsar C 1.04 599 - E 058 213 1 Sangur C 1.85 290 C C 058 135
8 HM Punjab 2 C 120 9.5 - E 029 269 2 Gautombudh C 2.08 520 C D 058 1.85

3 Baraut C 139 430 - E 058 1.69

DHB Delhi Haryana Border, USN Udham Singh Nagar
SC as given in PESMOS

PSC as per PESMOS based on fpeu

°SC as per NEHRP

dStandard Deviation in Speak

“Standard Deviation in Apeax
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6. Analysis and Results

Based on the above selected ground motions,
HVSR curves are estimated for each of the 90
recording stations following earlier discussed proce-
dure. In addition, the effect of magnitude and
hypocentral distance, as a part of EQ records on SC
and nature of HVSR curves, is also assessed in the
following subsections.

6.1. Effect of Hypocentral Distance and Magnitude

Based on the three components of ground motions
recorded at each station during an EQ, HVSR curve is
estimated in accordance with Egs. (1) and (2) as
discussed earlier. To check the effect of EQ charac-
teristics (magnitude and hypocenter distance) on the
HVSR parameters such as Apeqx and foeax values, plots
of HVSR curves during EQs of different magnitudes
and hypocenter distances at each recording station
are studied. Figure 3a shows typical HVSR curves
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o ~
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¢ (b)| —— R=92km
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B

0.2 2 20
Frequency (Hz)

Figure 3
a Variation of HVSR curves with magnitude (Rampur 2 station);
b Variation of HVSR curves with hypocentral distance (Cham-
pawat station)
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obtained during EQ’s of different magnitude recorded
at Rampur 2 station. Four different HVSR curves are
obtained for four different magnitudes as shown in
Fig. 3a. It can be observed from Fig. 3a that the
shape of the HVSR curve and the fic.« value for this
Rampur 2 station is remarkably similar even for
different magnitude EQ. The amplification value
from HVSR curves shows a wide variation, not
following a particular trend. Since in the present
work, only SC is attempted, the value of fyeax is
observed carefully and not the Ap..i value. Further, to
understand the effect of hypocentral distance upon
HVSR curve and fpe. value, the plot of HVSR curves
obtained from EQs happened at different hypocentral
distances (92-225 km) are plotted for Champawat
station as shown in Fig. 3b. It can be observed from
Fig. 3b that the shape of HVSR curve and the f,c.x for
this particular station are consistent and independent
of hypocentral distance. Similar trends are also
observed for other recording stations considered in
the present work. Collectively, based on Fig. 3a, b, it
can be concluded that the shape of HVSR curve and
the feax value are independent of the EQ character-
istics and solely demonstrate the SCs.

6.2. Average HVSR Curve for Recording Stations

Once the effects of EQ magnitude and hypocen-
tral distance are examined, the average HVSR curves
considering all ground motion records at each of the
90 recording stations are developed. Figure 4a—x
presents typical average HVSR curve for 24 typical
recording stations. It can be observed from Fig. 4a—x
that each of the graph shows a distinct value of fcax.
To understand further, a detailed comparison in terms
of HVSR curve for different SCs is attempted. The
average HVSR curves at the Karol Bagh, Delhi
Haryana Border 1, IMD station and Rohtak 2 stations
are assigned SC A as per PESMOS. All these
recording stations are located in the Delhi region.
The values of f,cqx estimated based on average HVSR
curve are found to be 10, 7.14, 6.25 and 5.6 Hz for
the Karol Bagh, Delhi Haryana Border 1 and IMD
stations, respectively, as shown in Fig. 4a—c. It can be
observed from Fig. 4a—c that recording stations at
Karol Bagh exhibits clear distinct peaks, while IMD
and Delhi Haryana Border one recording stations
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Success rate of the PESMOS classification scheme

Table 5
Number of stations in each NEHRP SC

NEHRP site class Number of stations

SC A 1
SCB 6
SCC 29
SCD 33
SCE 20

show several peaks. Determination of f,e.x value for
Delhi region was also attempted by Sharma et al.
(2004) based on microtremor studies. Comparison of
Jpeak values for all the above four stations obtained in
the present work are found consistent with the results
obtained by Sharma et al. (2004). The observed Apeax
for Karol Bagh recording station (Apcax = 4.52) and
Delhi Haryana Border 1 station (Apcax = 3.77) are
slightly higher than the value reported by Sharma
et al. (2004). It has to be highlighted here that the
objective of present work is to classify the site based
on fpea value. Determination of Ap.. is beyond the
scope of the present work. Comparison in terms of
Jpeak value done above is also attempted for other
stations where similar data from the previous liter-
ature are available. The average HVSR curves at
Joshimath and Chamoli recording stations are shown
in Fig. 4d, e suggesting fyc.« values equal to 0.74 and
1.5 Hz, respectively. These values of f,c, match well
with the passive survey results of Mahajan et al.
(2011) suggesting SC C as per Table 1 for both these
recording stations. However, the f,e.x value for the
above two recording stations do not match with the
PESMOS SC A provisions. Further, the value of fyeqx
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Figure 6
Average HVSR for SC B, C, D, and E from the present work

for the recording  stations at  Almora
(fpeak = 2.94 Hz), Bageshwar (fpeac = 1.52 Hz),
Dharchula (foeax = 2.78 Hz), Kapkot

(fpeax = 3.33 Hz), Garsain (fpeac = 2.27 Hz), Rudra-
prayag (fpeax = 1.47 Hz), Tehri (fpeax = 1.50 Hz)
and Barkot (fyeax = 3.33 Hz) (as shown in Fig. 4f-
m) are not matching with SC A assigned by
PESMOS. However, these values of fye. for the
above recording stations are consistent with Sharma
et al. (2014).

For recording stations at Dhanaulti and Chakrata
(see Fig. 4n—o) the values of fic.k are observed to be
less than 2 Hz. The average HVSR curve at
Dhanaulti recording station exhibits a clear and
distinct peak as shown in Fig. 4n. Mundepi (2013)
reported the value of fyea of 2.10 Hz for Dhanualti
region. Based on the present work, the value of fcax
is found as 1.85 Hz for Dhanualti recording station
which is closely matching with the findings of
Mundepi (2013). Hence, Dhanualti recording station
has to be reclassified as SC C in the present work. For
recording stations Kalkaji Delhi, Delhi Haryana
Border 8 and Rohtak 4, the values of f,..x observed
in the present work are greater than 4 Hz (see
Fig. 4p-r). Mittal et al. (2013) reported the value of
Jpeak in the range of 4.3—4.6 Hz for the Kalkaji region
in Delhi using standard spectral ratio method. Based
on average HVSR curve, the value of fie. of 4.17 Hz
obtained from the present work for the Kalkaji Delhi
recording station is matching closely with Mittal et al.
(2013). Hence, the Kalkaji Delhi station has to be
reclassified as SC A based on this work. Pandey et al.
(2016) computed the V, profiles for 12 recording
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a—d Comparing the average HVSR ratios of northwestern Himalayan region obtained in this study and the average HVSR determined by Zhao
et al. (2006) for Japanese strong motion sites for SC B, SC C, SC D and SC E respectively

stations situated in the Tarai region of Uttarakhand
using MASW tests. Based on Vg3, values, Pandey
et al. (2016) classified the recording stations at
Khatima, Udham Singh Nagar, Kashipur, Rishikesh
and Dehradun (see Fig. 4s—w) as SC C as per
PESMOS classification scheme. Based on fyeak, SC
obtained in the present work for above recording
stations are matching with the SC provision by
PESMOS as well as Pandey et al. (2016). For
Tanakpur recording station the value of fieqc from
present work is found as 5 Hz (see Fig. 4x) which is
closely matching with SC B assigned for this
recording station by Pandey et al. (2016). Originally
Tanakpur was assigned SC C as per PESMOS. In
recent work, Harinarayan and Kumar (2017)
attempted SC for all the 12 recording stations
considered by Pandey et al. (2016) for based on
model HVSR and using Eq. 3 and found matching.

Based on the above findings, it can be concluded
that the values of fye,c obtained in the present work
are matching with the existing literature. This clearly
indicates that in the absence of field investigation
data, HVSR curves based on ground motion records
provide a better understanding about subsoil charac-
teristics. Based on the average HVSR curve, the value
of fheak 1s estimated for all the 90 recording stations as
listed in Table 3, column 4.

6.3. Determination of Revised SC for the Recording
Station

The value of fyeu, for each recording station has
been compared with the range of f,..x given for each
SC as per NEHRP scheme as given in Table 2, column
4. Success rate is defined as the percentage of total
number of recording stations where the SC based on
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Jpeak value and the one given as per PESMOS are
matching. Considering all the 90 recording stations, the
success rate for various SC are compared in Fig. 5. It
can be seen that the success rate was found highest for
SC C and lowest for SC B as shown in Fig. 5. Since SC
D is absent in PESMOS description, no success rate is
present for SC D. It has to be highlighted here that for
certain recording stations, fycax is lesser than 1.67 Hz
and thus in accordance with Table 1, no SC could be
assigned to such stations. Collectively from Fig. 5, it
can be observed that for SC other than B the success
rate is lower. This suggests that the SC obtained from
average HVSR curve is varying for the majority of the
recording stations from the SC given as per PESMOS.
In other words, the SC given by PESMOS and the SC
obtained from the ground motion records are not
consistent. For SC A, 18 out of 38 stations satisfy the
SC provisions by PESMOS indicating a success rate of
52%. The success rate of recording stations assigned
SC B site is the lowest with a value of 25%. Only 2 out
of 8 stations satisfy the SC provisions by PESMOS. For
recording stations located in SC C as per PESMOS the
success rate is the highest of 90% as shown in Fig. 5. A
total of 38 out of 42 recording stations satisfy the SC
provisions of PESMOS. Based on the success rate
collectively, it can be said that more than 65% data
shows similarity of SC obtained from the present work
with the SC given by PESMOS. Above analysis
suggests that SC as per Borcherdt (1994) using fpeax
value and the one given by PESMOS are not matching
for the significant number of recording stations. Based
on this observation, updated SC for all the recording
stations following Borcherdt (1994) classification
scheme is also proposed as listed in Table 3, column
6. Comparison between original SC (Table 3, column
3) and revised SC (Table 3, column 6) following
Borcherdt (1994) scheme shows that a majority of the
recording stations yield same SC from both classifica-
tion schemes. However, for certain locations (Rohtak
1, Rohtak 2, Champawat, Pithoragarh, etc.), a change
in SC is observed.

6.4. NEHRP Based SC Determination
of the Recording Stations

The site classification scheme adopted by PES-
MOS has limited SC in comparison with the
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worldwide followed NEHRP classification scheme.
The fycax Vvalues estimated earlier are used further to
classify each recording station following NEHRP
classification scheme in coherence with Table 2 as
shown in Table 3, column 7. By comparing Tables 1
and 2, it can be observed that PESMOS has only three
SCs while NEHRP has five SCs for almost similar
range of Vs3¢ values, providing a more precise
classification of a site. As per NEHRP the SCs are
varying from A to E. As indicated earlier, SC E
represents potentially liquefiable site. SC given by
PESMOS does not highlight any recording station
located on potentially liquefied site as suggested by
NEHRP classification scheme.

Summary of NEHRP based SC for all the
recoding stations is presented in Table 5. It can be
observed from Table 5 that there is only a single
station (Keylang) belonging to NEHRP based SC A.
However, for SC B, C, D and E a total of 6, 29, 33
and 20 recording stations are found based on the
present work. HM Punjab 1 is not assigned any SC
since distinct peak was absent. Considering the
average HVSR curves obtained from similar SC,
overall average HVSR curve is developed for all the
SCs B, C, D and E. Figure 6 presents the average
HVSR for SC B, C, D and E with fj,., values of about
10, 3.125, 2.5 and 1.28 Hz, respectively. SC B
indicates stiffer medium followed by SC C, D and E.
For this reason, the fye.c value of SC B shown in
Fig. 6 is highest followed by SC C, D and E.

7. Validation

To further validate the findings from the present
work, the average of HVSR curves presented in
Fig. 7a—d are compared with the average HVSR
curves found by Zhao et al. (2006) as shown in
Fig. 7a-d. Zhao et al. (2006) classification
scheme had 4 SCs; SC 1, SC 2, SC 3 and SC 4. The
SC 1 is approximately corresponding to NEHRP SC
A and SC B. The SCs 2, 3 and 4 is approximately
corresponding to NEHRP SCs C, D, and E. It can be
observed from Fig. 7a—d that the shape as well as
Jpeak of HVSR curve for each SC obtained in the
present work and that by Zhao et al. (2006) are
matching very well for SC C, D and E. However, that
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Jpeak value for SC B obtained in the present study is
higher side compared to the fycax value as per Zhao
et al. (2006). This may be due to the fact that present
work groups soils having V3o in the range of
760-1500 m/s as SC B, while Zhao et al. (2006)
grouped soils having V3, greater than 600 m/s as SC
1. This difference in the lower range of Vg, values
between the present work and Zhao et al. (2006),
might be an attribute for getting different values of
Jpeak as observed in Fig. 7a. One important observa-
tion to be highlighted here is that the comparison of
HVSR curves shown in Fig. 7a—d are done only in
terms of f,..x and the shape. However, different val-
ues of Ape,i can be observed between the two HVSR
curves as shown in Fig. 7a—d. This difference in Acqy
value might be due to the fact that in present study
more than 50% of the ground motion is correspond-
ing to EQs having magnitude less than 4.5 magnitude.
However, curves proposed by Zhao et al. (2006) used
ground motion of EQ having magnitude greater than
5. Thus, in comparison to the present work, Zhao
et al. (2006) used ground motions due to higher
magnitude EQs. As per EPRI (1993), Ashford et al.
(2000) and Kumar et al. (2016a), higher amplitude
ground motions produce low amplification and vice
versa. Thus, the difference in the HVSR curves in
terms of A,c. values presented in Fig. 7a—d are the
attributes of different magnitude ranges used in each
study.

8. Nature of HVSR Curves

Limited knowledge about the subsoil character-
istics is available for the recording stations at present
as highlighted earlier. Thus, determination of fyeax
from ground motion records to determine the SC of
each recording station is attempted in the earlier
sections. Rao et al. (2011) attempted to understand
the nature of average HVSR curve at a recording
station as a function of its subsoil characteristics.
Based on the modal characteristics of average HVSR
curves, 11 categories were proposed. These include;
unimodal curves indicate that single and distinct peak
in average HVSR bimodal curves having two distinct
peaks and multiple model curves having multiple
peaks. Unimodal curves denote undamped ground
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motions with high impedance (Rao et al. 2011).
Bimodal curves are characterized by alluvial deposits
at a site while multimodal curves indicate alluvial soil
underlain by rocks of volcanic origin with fyeu
ranging from 3 to 6 Hz. Similar to the work by Rao
et al. (2011), all the average HVSR curves obtained
from the present work show four types of modal
characteristics. Based on these characteristics, all the
HVSR curves are categorized into four categories.
Type I HVSR curves which are unimodal in nature
with a clear f,.. and flat response either in the initial
frequencies or in the later frequencies as shown in
Fig. 8a. Type I HVSR curves are exhibited by 23% of
all the recording stations. Type II are unimodal
response curves with broader f,e,x window as shown
in Fig. 8b. In the present analyses, 19% of all the
station exhibits Type II HVSR curves. Similarly,
HVSR curve for Type III have two clear fye. values
with one fpeax having comparatively higher Apcq than
the other as shown in Fig. 8c. In the present analyses,
23% of the recording stations exhibits Type IIl HVSR
curve. Type IV’ HVSR curves have more than two
peaks with one of the peaks showing higher Apcax
than the others as shown in Fig. 8d. Type IV HVSR
curves are exhibited by 35% of the total recording
stations. Multiple peaks in the HVSR curve occur due
to multiple impedance contrast within a heteroge-
neous soil deposit (Guéguen et al. 2000). Paudyal
et al. (2012), Rao et al. (2011) and Luzi et al. (2011)
also reported multiple peaks based on HVFR of
microtremor records. It has to be highlighted here that
the above categorization of recording stations is done
purely based on the nature of average HVSR curves
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A = =Type Il
Type 111
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Frequency (Hz)

Figure 8
Classification of average HVSR curves into Type I, Type II, Type
III and Type IV
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and is the first attempt of its kind. Work attempted by
Rao et al. (2011) consisted of both subsoil data as
well as recorded ground motion to validate the modal
characteristics. Present work, however, consists of
ground motions records alone at each of the recording
stations with no borehole information available.
Thus, commenting on depositional mode at each of
the recording stations is not possible at this stage.
However, if borehole data is available, similar to the
work by Rao et al. (2011), above observations at the
recording stations can be validated in the future.

9. Conclusion

The present study clearly identifies the problems
in the SC given in PESMOS, which are based on
surface geology alone. Using ground motion records
from recording stations with incorrect SC may lead to
erroneous outcomes. In the present work, SC of 90
recording stations located in the western Himalayas
and its adjoining areas are attempted. Average HVSR
curve at each of the recording station is used to
determine fpe, value and thus the SC. Based on the
present analysis, SC are attempted for all the 90
recording stations following the same classification
system used by PESMOS. Present work, however,
concludes a variation in the SC for number of
recording stations in comparison to present SC as
given by PESMOS. Comparison of original and
revised SC following Borcherdt (1994) classification
scheme is presented from this work. In addition, SC
determinations for all the recording stations are done
following worldwide followed NEHRP classification
scheme. The average HVSR curve used for the above
classification are closely matching with the average
HVSR curve existing in the literature and proposed
for other regions. This enhances the confidence that
the outcomes from the present work are correct.
Existing literature also supports that based on the
modal characteristics of average HVSR curve alone,
information about the subsoil characteristics can be
assessed. Following this finding, all the average
HVSR curves in this work are found belonging to
four types. However, in situ subsoil information for
each recording station if available in the future, can
be used to validate this finding.
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Revised SC as well as NEHRP based SC proposed
in this work may be very useful in deriving soil
response for various SCs. In addition, knowing the
SC at each station will be very helpful for deconvo-
Iution of recorded ground motions to arrive at
bedrock motion at the reference site which can be
used in any site response analysis.
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