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ARTICLE INFO ABSTRACT

The inclusion of local site effects into seismic hazard analysis is an important issue and has been attempted
previously in both deterministic and probabilistic manner. The present study is an attempt to combine the local
site response with the standard probabilistic seismic hazard analysis. The site response was computed by per-
forming an equivalent linear analysis in the frequency domain. The input soil profiles for the analysis were taken
from the borehole data of the North Kerala region (one of the Southerly states in India). The uncertainty in
estimating the shear velocity profile (Vs) has been addressed by applying multiple Vg-N correlations. The
variability in the choice of input motions has been reduced by selecting multiple ground motions representing
distinct hazard levels (return period of 50-2000 years). The uniform hazard spectrum developed for the host
reference site conditions has been adjusted to the target region and the input motions are scaled accordingly. The
analyzed soil profiles were categorized into three distinct soil types namely ‘Sand’, ‘Clay’ and ‘All soil’ based on
the predominant soil content. The empirical amplification equation as a function of input rock spectral accel-
eration (S,") was developed for each soil type. ‘Sand’ exhibits nonlinear behavior for S," > 0.1 g whereas ‘clay’
demonstrates sustained amplification at longer periods. The average spectral amplification observed is 3 for ‘All
soil’, 5 for ‘clay’ and 3.5 for ‘sand’ in the study region. The regionally developed amplification function aids in
transforming a Ground Motion Prediction Equation (GMPE) from generic to site-specific. The modified GMPE is
integrated with the regional seismic source model to estimate site-specific probabilistic seismic hazard. The
study produces site-specific spectrum and surface hazard maps which can be of direct use to planners and
designers in creating a seismic resilient built environment.
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1. Introduction

A seismic wave propagating from its source towards the surface
alters itself in terms of amplitude and direction, consistent with the
dynamic characteristics of the medium. This phenomenon is termed as
local site — effect and is a collective effort of ground response, basin
effects, and topographic effects. The ground response captures im-
pedance, soil nonlinearity and resonance effects of the sediment layers.
The local topographic effect causes scattering, focusing, and defocusing
of the incident waves. The basin effect has the potential to trap the body
waves and generate surface waves of stronger shaking and longer
duration.

The influence of local site effects is captured by the dynamic si-
mulation of wave propagation through a series of soil layers (with
distinct geotechnical characteristics) laid parallel to each other as
shown in Fig. 1. This technique is referred to as site response analysis
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and various approaches are available to perform the analysis. The site
response can be captured in 1D, 2D or 3D, considering linear, equiva-
lent linear or nonlinear soil characteristics using total or effective stress
principle. The present study considers 1- D shear wave propagation to
model soil nonlinearity represented by an equivalent linear (EQL) ap-
proach using effective stress principle.

Any seismic hazard analysis without the inclusion of local site effects
is incomplete as the ground motion at the surface is governed by the
underlying soil characteristics. The probabilistic seismic hazard analysis
(PSHA) estimates the values of ground motion parameters (PGA, PSA, S,
(T)) for a given probability of exceedance (POE) in a chosen time frame.
Usually, the hazard values are predicted for a reference rock site con-
dition analogous with the ground motion prediction equation (GMPE)
used in PSHA. The surface site condition differs significantly from the
reference site condition, hence, a site-specific hazard analysis must in-
clude steps to represent the local surface site condition.
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Fig. 1. Illustration of Seismic wave propagation and site response analysis (N -
SPT value; y - unit weight and Vg - shear velocity of ‘n’ individual strata).

The local site effects are first realized in the form of amplification
factor or frequency dependent amplification function and then in-
tegrated with PSHA. Various methods with varying levels of complexity
are available in making PSHA more and more site-specific. The simplest
procedure involves multiplying a rock acceleration response spectrum
(from PSHA) with an amplification factor derived for standard soil
types. The resulting response spectrum varies in spectral shape de-
pending on the soil type. The Indian seismic code [1] provides a design
acceleration coefficient for three standard site conditions namely, soft
soil, stiff soil, and hard soil. However, these procedures are determi-
nistic resulting in a response spectrum of unknown POE and are in-
effective in site-specific applications.

A probabilistic yet simplistic procedure involves the use of GMPEs
with site coefficients defined for different site classes categorized based
on Vs (for example [2,3]). However, this approach is considered as
ergodic as the site coefficients are derived based on the global databases
and may not accurately represent the regional seismic hazard. Hybrid
method has been practiced widely which involves simple multiplication
of the rock hazard curve of given POE with the mean site amplification.
This method is termed as hybrid as it combines a probabilistic rock
motion with a deterministic amplification [4]. The standard deviation
of the resulting surface level hazard captures the variability in esti-
mating the rock level hazard but fails to account for variability in
seismic site amplification. Hence, the procedure is convenient for esti-
mating median surface responses but not the standard deviation. A
completely probabilistic procedure involves convolution of rock PSHA
with the frequency dependent nonlinear site amplification function [5].
This method supersedes hybrid method as it accounts for uncertainty in
site response as well.

The present study investigates the influence of local soil response on
the already computed rock level PSHA for the Southwestern region of
India. Numerous soil profiles were collected for the study region and 1D
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EQL was performed on SHAKE2000 [6] to obtain frequency dependent
empirical site amplification function for three different soil types such
as Sand, Clay, and all soil. The derived amplification function is in-
tegrated into PSHA by transforming the rock GMPE into a site-specific
one [5]. The seismic hazard values are estimated at the surface level for
a known probability of exceedance. The study highlights the in-
adequacy of Vs as the sole predictor variable for estimating site
amplification. The derived surface response spectrum can be used in the
analysis and design of earthquake resilient infrastructure for the study
region.

2. Description of the study area

The study area encompasses the Northern part of Kerala (one of the
southern states in India) stretching between 10.08°N and 12.72°N (la-
titude) and 74.86°E to 76.85°E (longitude). There are a total of 14
districts in the state out of which 7 districts namely, Kasargod, Kannur,
Kozhikode (Calicut), Wayanad, Malappuram, Palakkad, and Ernakulam
were chosen for the study as shown in Fig. 2a. Earlier seismic hazard
study in the region [7] considered the observed regional seismicity and
estimated the ground motion parameter (PGA) at the bedrock level and
hence, served as an ideal site to understand local soil amplification. The
physiography of the study region can be classified as lowland, midland,
and highland as shown in Fig. 2c. The low land comprises of the area
adjacent to the coastal stretch whereas the highland encompasses the
eastern part of the state consisting of hill stations and a portion of
Western Ghats. Midland lies between these two major physiographic
divisions characterized by undulating topography gradually transi-
tioning from plain lands to valleys and towards hills. The region slopes
towards the west and the elevation vary from 1 m to 2612 m above the
mean sea level.

The local terrain is geologically characterized by Pre-Cambrian and
Pleistocene formations comprising of granulite, gneisses, granites, and
greenstones. Charnockites and charnockitic gneisses occupy the major
portion of midland and WesternGhats in North and Central Kerala. One
of the characteristic geological features is that the granulitic gneisses
are spatially well connected with the regional faults and lineaments [8].
The study area belongs to Southern Granulite Terrain, housing few
active tectonic features such as Bhavani Shear, Moyar shear, Cauvery
fault, and Pattikad — Kollengal fault. These features are believed to be
releasing the stresses accumulated due to the northward movement of
the Indian Shield [9] and as an evidence majority of the earthquakes
occurring in North Kerala have their epicenters concentrated in and
around these tectonic features. The region has witnessed earthquakes
with magnitude (M) as low as 1.1 and as high as 6.3 and is char-
acterized as moderately seismically active with more than 330 seismic
events being recorded over the last few decades. Most of the seismic
activity was witnessed over Moyar and Bhavani Shear zones along with
few other closely located faults as shown in Fig. 2b. These shear zones
are suspected to be releasing the stress accumulated due to the North-
ward movement of the Indian plate towards the Eurasian plate. The
Idukki earthquake (1988) recorded 67 aftershocks and the resulting
focal mechanism suggests a strike-slip movement [10].

The topography, climate, and local geology have influenced the
local soil formation. Laterite is the most prominent soil type in the study
region formed due to weathering of rocks and serves as an excellent
building material. This type of soil is observed in heavy rainfall region
with humid tropical conditions and rich in iron and aluminum oxides.
The surface soils appear in reddish brown to yellowish red in color with
a texture varying from gravelly loam to gravelly clay loam. Apart from
laterites, the study region is geotechnically characterized by coastal
alluvium developed from recent marine deposits and fluvial sediment
along the coastal stretch. This soil type is predominantly ‘sand’ with
smaller quantities of silt and clay. In general, the soil deposits observed
in Palakkad and Thrissur are deep and well drained with fairly high
gravel content and loamy to ‘clay’ texture. Hence, the collected



C. Shreyasvi, et al.

Soil Dynamics and Earthquake Engineering 123 (2019) 381-398

75°E 76°E 77°E
13° N- s, TergaT 13°N
Qo°°, ot
Yanstirom
&5 e
12° N+ ®8 H2°N
@e
o]
0
12°N 12°N 5]
g
11° N1 ¢ Lo N
Seismic activity
100 NAMW = -~
e 1.10-2.30
2 2‘30 = 3'20 plopiciiy Rajapalayam
O 3.20-4.10
@ 4.10-5.10 Kedayanatlur
PN @ 510-630 Kallam 9N
runelvell
Gravity faults 3 |
xxxx3 Moyar & Bhavani Shear Zone ™7 |
Iea s 10° N 3 ’
3 3
a) TE 76°E b) "L 76°E
Depth of Borehole (m)

¢)

@ <10m

< 10.0 - 15.0
@ 15.0-20.0
@ 20.0 -26.0
® 26.0-35.0

Fig. 2. a) Physical map representing the study area and the number of boreholes used for the study (left) b) Regional seismicity map of the study area (right) c)
Topographical map of South Western India with the study area being drop shadowed (Bottom). The boreholes are exaggerated vertically for projecting their
geographical locations on the map and the depth of the boreholes are color-coded as indicated in the legend. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

borehole samples consisted of ‘sand’ deposits close to the coastal tract
and ‘clay’ deposits as well as a mixture of laterites, sand, and clay in the
rest of the study region.

The study region has exposures of gneissic rocks close to the beaches
and a few other places. The typical geological strata for the Calicut
region in the order of their appearance from the ground surface is Sand,
Clayey Sand, Clay, laterite, lateritic clay, weathered rock, hard base-
ment rock (gneiss), fractured rock and hard rock [11]. The depth to
bedrock varied from 20 m to 35 m depending on the topography [12].
Most of the boreholes were terminated upon reaching the hard rock
strata. In places such as Ernakulam and Palakkad, the weathered geo-
logical units were observed between 2 and 16 m. In such cases, the
validation for the depth to bedrock was derived by referring to the
electrical resistivity surveys carried out in the region [13]. However, in
Malapurram the depth to compact bedrock is in the range of 50-200 m
[14]. In Kannur, the depth to weathered rock ranges between 3 and
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20m. Based on vast literature survey ([15-19], and [20]) and the
collected borehole data, it can be concluded that the overall depth to
Engineering Bedrock (Vsoy > 760 ms™) is within 50 m from the sur-
face and the same has been applied for soil profiling in the study.

3. Soil modeling

The soil characteristics form an integral part in modeling the soil
profile for seismic site amplification studies. In this regard, the sub-
surface geology and geotechnics were studied using borehole data de-
termined as per the guidelines of IS 2131 (1981) [21]. The geotechnical
data consisting of bore logs with standard penetration test ‘N’ value,
unit weight, index properties, grain size distribution, and shear strength
parameters were collected from the Dept. of Civil Engineering, National
Institute of Technology Calicut. Additionally, reports of electrical re-
sistivity studies and groundwater information booklets by Central
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Fig. 3. Stratigraphy of all the three representative soil types used in the study.
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Fig. 4. Comparison of the Vs — N correlations investigated in the study.

Ground Water Board, Govt. of India were referred to understand the
subsurface geological and geotechnical formations. The geographical
location, depth, and the number of boreholes compiled for the study
can be inferred from Fig. 2a and c. The borehole information was col-
lected from approximately 40 locations in the study area with a
minimum of two boreholes and a maximum of 30 boreholes at each
location. However, on processing the collected data, few borehole
samples were discarded due to missing data on N-value, unit weight or
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grain size distribution. The compiled borehole data was classified into
three soil types i.e Sand, Clay and All soil based on the predominant soil
content and grain size distribution. Overall 30 samples for ‘all soil’, 15
samples for ‘clay’ and 6 samples for ‘sand’ were considered for further
analysis. A typical stratigraphy witnessed in a sample borehole of each
soil type is shown in Fig. 3. The shear velocity (Vs) profile for all the
boreholes was estimated using Vs—N correlation. In order to reduce the
uncertainty involved in the estimation of Vs, multiple correlations were
investigated as shown in Fig. 4. The details about each of these corre-
lations have been tabulated in Table 1. Importance to regionally de-
veloped correlations and based on uncorrected SPT ‘N’ values was given
during the selection process in order to maintain homogeneity. As
evident from Fig. 4, few correlations resulted in extreme estimations
such as HR, KMM, and UD. These correlations were eliminated and a
total of six correlations were used for the final estimation of shear ve-
locity profile. The estimated shear velocity profile from all the six
correlations along with the median and standard deviation is shown in
Fig. 5.

Apart from estimating the shear velocity for each layer in a soil
column, the dynamic characteristics such as normalized shear modulus
reduction (G/Gnax) and damping (D) of these soil layers need to be
defined. Various laboratory tests such as Cyclic tri-axial shear or re-
sonant column shear apparatus can be used to estimate the dynamic
properties. However, in the absence of experimental programs, em-
pirical relations of G/G.x and D as a function of cyclic shear strain (y.)
can be used as a dynamic soil response curve. These curves are referred
to as backbone curves and are developed to capture the nonlinear
hysteretic behavior of various soil types. The M-R and damping curves
chosen for various soil strata are tabulated in Tables 2-4. These tables
represent the soil modeling details for the soil strata depicted in Fig. 3.

The boreholes considered in the study were classified based on Vg
30y and have been plotted in Fig. 6. Majority of the soil deposits have Vg
(30y in the range of 350-400ms™ and that is the boundary between
NEHRP ‘C’ and ‘D’ site categories. Except for few boreholes belonging to
‘C’ category, the rest lies in ‘D’ site class.

4. Selection and scaling of input motions

The generation of input motions for site response analysis consists of
three main phases. The first phase involves defining the target spectrum
representative of the regional seismic hazard. The second phase deals
with the selection of ground motion records compatible with the target
spectrum. The third phase involves the modification of the chosen re-
cords with respect to the target spectrum. The practice of selecting
ground motion varies widely and no definitive guidelines or strict
procedures exist. However, the codal provision provides a general
guideline to consider a minimum of five recorded or simulated rock
outcrop horizontal ground motion records from events of magnitude
(M) and distance (R) within the range consistent with those controlling
the Maximum Considered Earthquake (MCE) ground motion [37].

In the present study, the Uniform Hazard Spectrum (UHS) derived
from PSHA for the said region [7] was modified to obtain the target
spectrum. The host to target adjustment of the UHS to obtain target
spectrum consistent with the local site condition has been explained in
the methodology. The median UHS represents the time varied ground
motion parameter resulting from various combinations of magnitude
and distances contributing to the seismic hazard for a given POE. The
objective of the study is to quantify the seismic site amplification and
the UHS resulting from a single hazard level may not be sufficient for
developing amplification equation. Hence, multiple hazard levels were
considered. The design ground motions specified in the Indian seismic
code correspond to 10% POE in 50 years i.e. Design Basis Earthquake
(DBE). With DBE as the standard design condition, two more hazard
levels i.e., 10*DBE and 0.25*DBE were defined based on the re-
commendations from Ref. [38]. The DBE (abbreviated as Hyy) re-
presents the median hazard level whereas 10* DBE (abbreviated as Hy)
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Table 1
Vs — N Correlations investigated in the study.

Authors Correlation Soil Type Region

Maheshwari et al. (2010)" - UM1 [22] V, = 89.31°N0-3%8 Clay Chennai
V, = 100.53"N%-26% Sand
V, = 95.64°N%3% All Soil

Hanumanthrao & Ramana (2008) — HR [23] V, = 79°N0434 Sand Delhi
V, = 82.6°N>*3 All Soil
V, = 86°N%*? Silty Sand/‘sand’ Silt

Unal Dikmen (2009) — UD [24] V, = 58°N%-3° All Soil Turkey
V, = 73°N%33 Sand
V, = 60°N°-3¢ silt
V, = 44°N°48 Clay

Chatterjee & Choudhury (2013)" - CC1 [25] V, = 78.21°N%-38 All Soil Kolkata
V, = 77.11°N%3 Clay
V, = 54.82°N%>3 Silty Sand
V, = 58.02°N%4¢ Silt

Kirar, Maheshwari et al. (2016) - KMM [26] V, = 100.31*N°-348 Sand Roorkee
V, = 94.4°N%37° Clay
V, = 99.5°N%3% All Soil

Maheshwari et al. (2010) - UM2 [22] V, = 90.75°N%-304 All Soil Chennai
V, = 96.29°N°-266 Sand
V, = 83.27°N%3%5 Clay

Hasaneebi & Ulusay (2007)" - NR [27] V, = 90°N%-309 All Soil Turkey
V, = 90.8°N°-319 Sand
V, = 97.9°N%2¢9 Clay

Anbazhagan et al.(2012) — AZ [28] V, = 68.96°N*>1 All Soil Lucknow
V, = 60.17°N%-5¢ Sand
V, = 106.63*N*3° Clay

Sil & Haloi (2017)" - SH [29] V, = 75.478°N%3799 All Soil Any region
V, = 79.217°N0-36%° Sand
V, = 99.708*N%-3358 Clay

Mhaske & Choudhury (2011)" - MC [30] V, = 72°N%4 All Soil Mumbai

Thokchom et al. (2017)° - TK [31] V, = 2.641°N +189.6 Sand Dholera,
Vs = 3.925°N + 143.1 Silt Western
V, = 3.395°N+156.8 Clay India.
V, = 3.311°N+160.5 All Soils

Chatterjee & Choudhury (2013) - CC2 [25] V, = 78.63"N%¥ All Soil Kolkata
V, = 78.03"°N%-38 Clay
V, = 58.62°N%4° silt
V, = 56.44°N%5! Silty Sand

@ Correlations used in the study. Nomenclature ending with numbers 1 and 2 represents correlation derived based on uncorrected and corrected

SPT ‘N’ values respectively.
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Fig. 5. Shear velocity profile of a typical clay deposit.

and 0.25*DBE (abbreviated as Hy) represents lower and higher hazard
levels respectively. Hy, correspond to 65% POE and Hy correspond to
2.5% POE in 50 years. The three hazard levels collectively represent the
entire scope of regional seismic hazard.

Once the range of the target spectrum was set, the next crucial step
was to identify the earthquake scenarios (combination of M and R)
controlling the hazard at a site. De-aggregation performed for all the
three hazard levels suggested events with magnitude (M,,) in the range

of 4-6.5 occurring within a distance of 60 km [7] to be controlling the
hazard. The ground motion records were chosen from a similar tectonic
regime as that of the study region (i.e. stable continental region) con-
sistent with the de-aggregation findings. Ground motions recorded on a
rock site with Vg (30) corresponding to NEHRP ‘B’ (> 760 ms™) had to
be considered to be consistent with the site condition of the derived
target spectra. With all the aforementioned criteria, the ground motions
were selected from the PEER NGA East website and European ground
motion database [39]. In order to minimize the uncertainty in ground
motion selection, multiple recordings were considered. Studies on the
sensitivity of site response analysis to the number of input ground
motions reveal at least 10 and preferably 20 ground motions to be
considered when incorporating site effects into PSHA [40]. Based on
the recommendations [38] and preliminary analysis [41], 11 ground
motions for each hazard level summing up to 33 ground motions were
considered for each soil column. The details of the ground motion re-
cords used in the study are given in Table 5. Few records have been
repeated with different scaling factors to match the target spectrum.
However, care was taken not to use more than four ground motions
from the same event for a given hazard level.

Variety of scaling techniques exists in making the recorded ground
motions compatible with the target spectrum. A recent study [42]
briefed the impact of different scaling techniques on the overall out-
come of site response analysis. In the present study, the recorded ac-
celeration time histories are modified through spectral matching [43]
to match the target spectrum at each period using SEISMOMATCH [44].
The scaling factor was limited to 4 and number of iterations to 20 as
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Table 2
Input parameters for soil modeling of a site categorized as ‘sand’.
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Depth, m Thickness, m SPT ‘N’ value Unit weight kN/m? Description Modulus reduction curve and damping curve
1.5 1.5 1 18.64 filled up earth SAND, Upper bound (Seed & Idriss, 1970) [32]
3.4 1.9 6 19.62 ‘sand’ clay
5.1 1.7 25 21.58 laterite
7 1.9 33 22.56
10.3 3.3 50 21.58 lateritic clay CLAY, Upper range (Seed & Sun, 1989) [36]
11.8 1.5 43 19.62 lithormerge SAND, Upper bound (Seed & Idriss, 1970) [32]
15 3.2 43 20.60
16.7 1.7 42 19.62 Weathered rock Rock Fill (Gazetas, 1992) [34]

Table 3

Input parameters for soil modeling of a site categorized as ‘All soil’.

Depth, m Thickness, m SPT ‘N’ value Unit weight kN/m? Description Modulus reduction curve and damping curve
1.5 1.5 4 19.62 Silty Sand Soil PI = 0 (Vucetic & Dobry) [35]
3.4 1.9 13 20.70 Soft Laterite

5.2 1.8 6 23.54 Medium Hard Laterite

7 1.8 5 22.56 Soft Laterite

8.8 1.8 18 17.17

10.7 1.9 20 18.54

12.5 1.8 8 17.56

14.3 1.8 15 13.44 Silty Sand

16.7 2.4 16 20.21

18.3 1.6 20 17.56

19.8 1.5 39 16.09 Weathered Rock Rock Fill (Gazetas, 1992) [34]

higher values may alter the ground motion to an extent where the re-
cord may lose its original nonstationary characteristics. The comparison
of the target spectrum along with the scaled records and mean matched
spectrum is shown in Figs. 7-9. Since median UHS was chosen for the
study, a slightly flexible range of scaled ground motions have been
considered to represent varied input acceleration values.

5. Methodology

The shear velocity profile was estimated for each bore log by con-
sidering the average of the various Vs-N correlations. One of the major
drawbacks of using SPT tests to determine Vj is that the borehole ter-
minates upon reaching refusal strata. But the Vg of this refusal can be as
less as 320 ms™* and the engineering bed layer (EBL) is characterized by
a Vg(so) of 760 ms’. Based on the findings from the earlier mentioned
literature in section 2, it was found that the depth to bedrock varied
between 15m and 50 m. Due to the presence of weathered and frac-
tured rock in the strata, refusal was met at a very shallow depth be-
tween 15 m and 25 m. For the purpose of modeling the soil columns for

Table 4
Input parameters for soil modeling of a site categorized as ‘clay’.

numerical simulations, the depth to EBL was assumed as 50 m from the
surface.

The input motions for site response analysis are usually scaled to
match the UHS obtained from PSHA. However, in the present case, the
UHS developed earlier was for a reference site (Vg > 1500 ms™) dif-
fering from the local site condition at the base of the soil column. The
applied input motions need to be consistent with the soil conditions at
the base of the soil profile i.e EBL. Hence, the target spectrum required
the host to target adjustment (HTTA), wherein the UHS is modified to
represent the local site condition. The HTTA is usually performed using
Vsio) and ko (site-specific attenuation parameter) estimating large
high-frequency motion on hard rock compared to standard rock. In the
absence of site-specific values of ko, suitable Vg0 - ko correlation can
be used. However, recent studies have highlighted that these correla-
tions are not robust [45] and the measurement of k may be biased by
site amplification resulting in site effects accounted twice [46]. Further,
it was found that this methodology is associated with a high level of
uncertainty as explained by Ref. [47]. The absence of field recordings
for the study area and the demerits associated with the existing HTTA

Depth, m Thickness, m SPT ‘N’ value Unit weight kN/m® PI Description Modulus reduction curve and damping curve
0.9 1.5 7 20.60 23 ‘clay’ Sand (Yellow) CLAY (PI = 20-40, Sun et al., 1988) [33]

3 2.1 18 19.62 27 Stiff clay Yellow

7.6 4.6 2 16.87 40 Clay (Yellow)

10.6 3 5 15.01 37 Clay with Organic matter

14.7 4.1 5 15.50 - Clay (grey) CLAY, Upper range (Seed & Sun, 1989) [36]
18.6 3.9 6 15.70 50 Clay CLAY (PI = 40-80, Sun et al., 1988) [33]
21.6 3 9 16.68 - CLAY, Upper range (Seed & Sun, 1989) [36]
24.4 2.8 50 19.52 20 Lateritic Soil CLAY (PI = 20-40, Sun et al., 1988) [33]
30 5.6 24 15.79 49 Silty clay CLAY(PI = 40-80, Sun et al., 1988) [33]
32.6 2.6 20 15.30 53

37 4.4 17 14.72 - Clay mixed with Quartz CLAY, Upper range (Seed & Sun, 1989) [36]
38.1 1.1 50 14.72 - ‘sand’ Clay

41.1 3 19 14.72

44.8 3.7 48 19.62 - Weathered Rock Rock Fill (Gazetas, 1992) [34]
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Fig. 6. Histogram of the number of soil profiles simulated in the study.

procedures led to the use of a simpler and straightforward approach. It
is a common understanding that the amplification phenomena is pri-
marily controlled by the velocity contrast between the rock and soil.
Using this approach, recently a GMPE was proposed [48] (abbreviated
as LA13) using surface and in-depth recordings of Japan, wherein the
site term relied on the V; alone. This methodology has an advantage as
the site response in itself was recorded and not simulated. The em-
pirically derived amplification ratio is given as

Table 5
Details of ground motions used in the study.
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Fig. 7. Plot of 5% damped rock acceleration spectrum of ground motions scaled
to Hy.

Soft rock (760 ms™1)
Hard rock (1500 ms—1)

HTTA factor =

(T) = exp(Cy(T) = m(%))

@

The coefficient C; is estimated from the actual recordings for each
spectral period T. It seems questionable about the applicability of am-
plification factors developed elsewhere for regional conditions.

Earthquake name Acronym Date Mw Ryyp (km) Vs(30)/Site class PGA (g) Scaled PGA Hazard level
RiviereDuLoup RSN1688 06-03-2005 4.65 19.05 2000 0.045 0.100 Median hazard level, Hy
RiviereDuLoup RSN1771 06-03-2005 4.65 41.75 1026 0.070 0.124
Greenbrier RSN6934 28-02-2011 4.68 6.27 1403 0.030 0.135
Greenbrier RSN7052 28-02-2011 4.68 54.07 1288 0.001 0.126
ValDesBois RSN4027 23-06-2010 5.1 52.94 1700 0.018 0.102
Sicily IT.NOT 13-12-1990 5.6 48.30 A 0.090 0.111
Central Italy 3A.MZ14 26-10-2016 5.9 36.60 A 0.515 0.108
Central Italy 3A.MZ19 26-10-2016 5.9 30.40 A 0.096 0.118
Central Italy 3A.MZ21 26-10-2016 5.9 30.70 A 0.183 0.104
Central Italy 3A.MZ19 30-10-2016 6.5 22.60 A 0.363 0.114
30
Central Italy 3A.MZ29 30-10-2016 6.5 26.90 A 0.689 0.131
RiviereDuLoup RSN1688 06-03-2005 4.65 19.05 2000 0.045 0.172 Higher hazard level, Hy
RiviereDuLoup RSN1771 06-03-2005 4.65 41.75 1026 0.070 0.237
ValDesBois RSN4027 23-06-2010 5.1 52.94 1700 0.018 0.174
Greenbrier RSN6934 28-02-2011 4.68 6.27 1403 0.030 0.231
Greenbrier RSN7052 28-02-2011 4.68 54.07 1288 0.001 0.227
LaMalbaie RSN1199 13-06-2003 3.53 10.06 2000 0.056 0.205
LaMalbaie RSN1192 13-06-2003 3.53 52.75 2000 0.000 0.218
Central Italy 3A.MZ11 26-10-2016 6.5 24.8 A 0.044 0.170
Central Italy IT.ACC 26-10-2016 6.5 18.6 A 0.090 0.172
Sicily IT.NOT 13-12-1990 5.6 48.3 A 0.090 0.214
Sicily IT.SRT 13-12-1990 5.6 36.9 A 0.107 0.180
L'Aquila IT.ANT 06-04-2009 6.1 26.2 A 0.01974 0.02261 Lower hazard level, Hy,
L'Aquila IT.LSS 06-04-2009 6.1 41.5 A 0.00961 0.01913
L'Aquila IT.SUL 06-04-2009 6.1 53.7 A 0.03362 0.02296
Sicily IT.NOT 13-12-1990 5.6 48.3 A 0.08865 0.02538
Sicily IT.SRT 13-12-1990 5.6 36.9 A 0.10536 0.02634
Bovec RF.SVAL 12-04-1998 5.7 23.5 A 0.02492 0.01958
Bovec RF.MOG 12-04-1998 5.7 40.5 A 0.01508 0.02462
RiviereDuLoup RSN1681 06-03-2005 4.65 39.01 2000 0.02125 0.02327
ValDesBois RSN4027 23-06-2010 5.1 52.94 1700 0.04829 0.0276
Central Italy 3A.MZ11 26-10-2016 5.9 31 A 0.04324 0.01924
Central Italy 3A.MZ14 26-10-2016 5.9 36.6 A 0.05053 0.02712
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Fig. 8. Plot of 5% damped rock acceleration spectrum of ground motions scaled
to Hy.
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Fig. 9. Plot of 5% damped rock acceleration spectrum of ground motions scaled
to H;j.

However, most of the seismic hazard studies use nonlinear amplifica-
tion function developed using California and other active region data
[49]. At least the presently used amplification factor was derived based
on actual recordings without any prior assumption about unmeasured
parameters such as ko, The UHS is multiplied with the HTTA factors to
obtain the target spectrum consistent with the site conditions at the
base of the soil profile. The ground motions are then scaled to the ad-
justed UHS (termed as target spectrum in Figs. 7-9) and used as input
motion for site response analysis. The UHS from PSHA and the target
spectrum computed by performing HTTA are presented in Fig. 10 for
the three distinct hazard levels considered in the study.

The actual site respose is a combination of local site response, basin
and topographic effects which cannot be captured by 1D propagation of
shear waves alone. However, when topographic and basin effects are
not significant 1D site response analysis can be computed. The ap-
proach is based on the assumption that the site response is dominated
by the vertically upward propagating seismic shear waves from the
underlying rock formation. The site response analysis was performed
using an equivalent linear approach (EQL) to model nonlinear behavior
of soils on SHAKE2000 platform. Studies have revealed that EQL is
efficient for stiff soils subject to weak motions with PGA < 0.4 g and
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maximum induced shear strain is less than 0.3% [50].The site response
analysis requires input parameters representing the soil dynamic
characteristics in the form of backbone and damping curves. The
averaged shear velocities over the depth of the soil column and unit
weight of each layer constituting the soil column are considered in
estimating the shear modulus Gpa.x. The equivalent linear approach
estimates the backbone curve by combining the computed G,.x and the
designated M-R curves (Tables 2-4) for each distinct subsurface mate-
rial.

Gax = p % V§ )]

The EQL method uses an iterative procedure to compute strain
compatible secant moduli (G) and damping (D). The iteration converges
when the difference in the computed parameters in two successive
iterations is less than 5%. However, these parameters are time-invariant
and are assigned to each soil layer. The geological formation below the
base of the soil profile is modeled as elastic half space and the scaled
records are applied as outcrop motion at the base.

The local site effects on the transmitted ground motion have been
captured in the form of amplification equation at varying natural fre-
quencies (f)/periods (AF(f)). The study highlights the influence of local
soil characteristics in ground motion amplification and suggests that
Vss0) alone is not sufficient in capturing the local site amplification.
Hence, the amplification factor has been derived as a function of input
rock motion for different periods. Initially, the amplification factor and
its corresponding input rock spectral acceleration were plotted. A
careful study of the scattered plot (shown in Figs. 13-15) suggested that
a linear fit may not effectively capture the displayed nonlinear beha-
vior. Hence, a nonlinear regression (of the form in equation (3)) was
performed.

In AF (f) =a+b=x* ln(S,f(f) +c)+ EINAF(f) * Oln AF(f) 3

The coefficients a,b, and c are obtained from the regression between
the amplification factor (AF) and adjusted rock spectral acceleration
(8.9 in logarithmic space. The term 0y, arcp represents the standard
deviation in the estimated AF values from nonlinear regression and ¢,
Ar(p is the standard normal variable. The procedure has been repeated
for different spectral periods such as T = 0.01s (PGA), 0.2s, 0.8s, 1s,
1.5s, and 3s and for different site categories. Physically, the coefficient
‘a’ represents weak site amplification, ‘b’ represents nonlinearity of the
soil and ‘c’ represents the threshold value of the input rock spectral
acceleration (S,"(f)) below which the amplification becomes linear. The
input motions from multiple hazard levels result in a wide range of
input values (S, (f)) and regression is poorly constrained by coefficients.
It is a common practice to constrain one or more coefficients (‘a’ and ‘c’)
to provide a good fit. During curve fitting, it was observed that the
coefficient ‘c’ was poorly constrained with a high estimation of un-
certainties. Hence, the coefficient ‘c’ was initially set based on visual
inspection of the scatter plot and subsequently modified based on trial
and error. A value of 0.05 seems to fit well for all the three site cate-
gories at T = 0.01s. The coefficients a, b and c estimated for all the
three site categories along with their standard error are shown in
Fig. 11.

In order to obtain hazard consistent amplification factor, the am-
plification ratio (AF'(f)) must be computed between the ground motion
parameter at the surface and the reference site condition for which
hazard was computed.

InAF'(f) =InAF(f) + Y @

Y represents the median amplification between the reference site con-
dition and the base of the soil profile computed from an ergodic site
amplification model (in the present case, it is LA13 site amplification
model). Accordingly, the input motion at the base of the soil profile is
modified as

InS =InS - ¥ (5)
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Fig. 10. Plots depicting the UHS obtained from the earlier PSHA study and the modified UHS termed as ‘Target Spectrum’.

The developed nonlinear amplification model was integrated with
the existing rock GMPE, hence, transforming it into a site-specific
GMPE. A closed form equation was proposed for transforming the
GMPE [5].

SE(F) = In S’ (f) + In AF'(f) (6)

The terms Sa"(f ) and S3(f) represents median reference rock and
surface spectral acceleration respectively. One of the advantages of this
transformation is that the variability in the resulting surface hazard can
be captured. The standard deviation term for the surface hazard con-
siders the variability in the rock hazard as well as site amplification

[51].
2
+ 1)
@

o (b SI(f)
In S3() = \/ c+s(h)

The adopted methodology offers an advantage of transforming a
generic GMPE by performing site response analysis with lesser ground
motions as compared to that required to develop a site-specific GMPE.

% g2

2
sy + Onar()

6. Results and discussion

The compiled borehole information along with the selected and
scaled input motions served as input to equivalent linear analysis. The
dynamic characteristics of the local soil are explained through different
output parameters such as amplification and surface response spectrum.
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Due to space constraint, the results of all the simulated soil columns are
not considered. Instead, three representative soil profiles having shear
velocity (Vs (o)) in the range of 331-332ms™ were chosen. Fig. 12
represents the 33 amplification functions derived from the selected
ground motions for the three chosen sites. It is interesting to note that
two wide peaks are observed at 0.12s-0.16s and 0.28s-0.36s in all the
three cases. The ‘sand’ site amplifies the ground motion at the bedrock
by a factor of 4.64 near to its predominant site period of 0.33s. How-
ever, in spite of having the same Vs (3¢), a higher spectral amplification
of 5.52 was observed at 0.36s for all soil site. A ‘clay’ site with Vs (3¢, of
331 ms™ produces the surface motion amplified 7.05 times the input
motion at 0.28s. The significant difference in site amplification among
the three considered profiles highlights the drawback of generic site
amplification factors based on Vs (30) to capture the soil dynamic
characteristics. In all the cases, higher variability was observed close to
the first two soil resonant frequencies (i.e. first two peaks) and PGA.
Relatively higher variability was observed in ‘clay’ deposits re-
presenting the large differences in the intensity of input motions.

The amplification characteristics of all the simulated soil profiles are
presented in three different categories based on the predominant soil
type. Fig. 13 represents the median amplification function along with
the standard deviation and 95% confidence interval as a function of
rock spectral acceleration assessed at different spectral periods. The
amplification function varying with the period (AF(f)) for different
input motion acceleration values (PGA and S, (f)) was compiled for all
the numerically modeled soil deposits belonging to ‘all soil’ site
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&
category. Each soil profile generated 33 data points from the input
ground motions for each period window. The plots for T = 0.8s, 1s, and
1.5s clearly distinguish the difference in the input ground motion scaled
corresponding to three different hazard levels. 0 —— i S B EEEE NN R LN
At T = 0.01s (PGA) and 0.2s, the amplification observed is higher 0.01 0.1 1 10
compared to other periods. Additionally, the nonlinear behavior of the Period (s)
soil is well represented in these two periods. The natural site period of
the analyzed soil columns lies in the range of 0.3-0.5s. However, at Fig. 12. Spectral Amplification for a. ‘sand’ site b. All soil site c. ‘clay’ site.

T = 0.8s, 1s and 1.5s the trend of the fitted curve changes from a
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Fig. 13. Amplification factors regressed against rock spectral acceleration for ‘all soil’ sites.

negative slope to positive slope and is characterized by lower amplifi-
cation factors. It can be inferred that a negative correlation exists at
periods below the fundamental site period. The nonlinear regression
coefficients obtained for T = 3s is not statistically significant as evident
from the bottom right panel of Fig. 13. Though the values of AF(f) are
considerably less, sustained amplifications are observed at longer per-
iods implying that the site characteristics are critical for longer period
ground motions.

Fig. 14 represents the amplification functions derived for ‘sand’ site
for different spectral periods. The observed amplification data points
are sparse and widely distributed in comparison with the previous plot
due to a lesser number of simulated soil profiles. However, they were

sufficient to draw a nonlinear amplification function for different
spectral periods. The natural period of the soil profiles lies in the range
of 0.31s-0.38s. The depicted soil type i.e. sand tends to be highly
nonlinear especially at periods below the average site period. Sig-
nificant variability is visible for higher spectral acceleration values at
T = 0.02s, demonstrating larger variation at T = 0.8s, 1s, and 1.5s. This
is mainly due to the large differences in intensity of the selected input
ground motions as evident from Figs. 7-9. Similar to the previous
Fig. 13, an upward shift was observed at intermediate and longer period
range (T = 0.8s-1.5s). The inability of the equivalent linear metho-
dology to converge to a solution for high-intensity records is the reason
behind this upward shift [52]. Additionally, the equivalent linear
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Fig. 14. Amplification factors regressed against rock spectral acceleration for ‘sand’ sites.

method estimates higher amplification at smaller period range and
overestimates resonant responses when the soil becomes nonlinear
[50]. Further, the amplification reduces drastically for periods after the
resonant vibration period of the sites.

Another interesting observation made during the study is the shift in
the natural period depending on the strain induced by various ground
motions. In order to explain this phenomenon, a typical ‘sand’ site with
a predominant period of vibration of 0.33s was considered (Fig. 12).
Ground motions with lower PGA values especially scaled to Hj, in-
dicated a lower period of vibration in the range of 0.317s-0.319s. On
the other hand, ground motions scaled to Hy indicated a higher period
of vibration in the range of 0.348s-0.358s. Though the shift from the
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predominant period of vibration is small for the considered ground
motions, a higher shift can be witnessed in the case of ground motions
with higher acceleration values.

Fig. 15 depicts the nonlinear regression in logarithmic space be-
tween amplification factor and input rock spectral acceleration for
‘clay’. The amplification observed at T = 0.01s and 0.2s is less when
compared with ‘sand’ deposit. However, the ‘clay’ sites have demon-
strated sustained amplification at longer periods (T = 1s and 1.5s).
While the majority of the soil deposits have their natural period around
0.4s, there are few deposits with a period as high as 0.7-0.9s displaying
a diverse range. However, the shift in the natural period depending on
the induced strain was noticed similar to the ‘sand’ site. Due to this
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Fig. 15. Amplification factors regressed against rock spectral acceleration for ‘clay’ sites.

phenomena, resonance is attained by soil profiles at the elongated site
period (T = 0.8, 1s and 1.5s) driving the regression towards a positive
correlation. As a result, the upward shift in the fitted median amplifi-
cation curve was observed at these periods. The ‘clay’ deposits exhibit
stronger linearity compared to ‘sand’ deposits by producing higher
amplification at T = 0.8s. The ‘clay’ site demonstrated consistently
higher AF(f) compared to other two site categories implying amplifi-
cation of longer period ground motions. Overall, ‘clay’ sites demon-
strate slower stiffness degradation and hence, less nonlinear when
compared to ‘sand’ sites.

The nonlinear regression of amplification factors against rock
spectral acceleration provides a mean value as well as the variability
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between the observed value and the fitted mean value. This variability
commonly referred to as the standard deviation for the three site ca-
tegories investigated in the study has been shown in Fig. 16. The
standard deviation of the ‘all soil’ site seems to be lower compared to
the other two over the entire period range. A large number of soil
profiles considered under this category tends to have reduced the
overall variability. However, the highest value of 0.28 was observed in
‘clay’ (T = 0.01s) and ‘sand’ (T = 0.2s) type sites at the different yet
lower spectral period. The general trend of the curves suggests that the
standard deviation is high for periods below the site periods and drops
drastically for greater periods. It is important to note that the standard
deviation does not exceed 0.3, in agreement with the findings of [53].
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As higher variability was observed in ‘sand’ deposit at T = 0.2s, the
residual plot for the same has been presented in Fig. 17. The ground
motion records scaled to H;, tend to have acceleration value (S,(0.2s)) in
the range of 0.3 g, due to which huge overlapping of the ordinates can
be seen. However, the amplification varies slightly, moving the X or-
dinate about the same Y ordinate leading to higher residuals in the fit.
This can be balanced by choosing ground motions with varied accel-
eration values as evident in input values S,(0.2s) > 0.2g. Another
interesting observation is that the nonlinear curve fits well at higher
acceleration values demonstrating strong nonlinearity in ‘sand’ soils.
The shear wave velocity in top 30 m is widely accepted as an index
for soil amplification. However, the present study suggests that the soil
characteristics affect the amplification to a greater extent. In order to
validate this, three profiles of same V0, but of different soil type are
considered for plotting mean amplification in Fig. 18. As evident from
Fig. 18, the sand exhibits higher amplification at lower input values but
decreases gradually with the increase in PGA demonstrating its non-
linear behavior. For the ‘clay’ site, amplification reduces as the intensity
increases and de-amplification can be noticed for PGA values as small as
0.005 g. However, there is still a very clear amplification at longer
periods as shown in Fig. 15. An important observation made during the
analysis of ‘clay’ deposits is that as the soil plasticity index increases the
behavior of the soils became less nonlinear. The overall amplification is
lesser in All soil type when compared to other two soil types. However,
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Fig. 18. Mean site amplification of all three soil types at T = 0.01s.

the amplification does not substantially reduce for higher PGA values
implying less nonlinearity in the soil sediment.

The fluctuation in the recorded acceleration values at the interface
of each constituent layer in a soil profile has been shown in Fig. 19. The
PGA at the bottom of the soil profile is almost the same for the three
distinct soil types. As the propagation progresses through various soil
layers toward the surface the transmitted ground motion undergoes
modification consistent with the dynamic characteristics and the same
is evident from Fig. 19. The three soil types with the same shear velo-
city are still dependent on the other soil characteristics in modifying the
behavior of the ground motion. Maximum amplification can be ob-
served in the ‘clay’ deposit for a smaller depth. A similar trend has been
followed by the all soil type but amplification becomes significant in the
top 10m. In the case of ‘sand’ deposit, a gradual amplification was
observed with the top 6 m being crucial in altering the PGA value. The
PGA values at the surface are 0.21 g, 0.15g, and 0.20 g for clay, sand
and all soil respectively. The careful examination of each ground mo-
tion record along the depth revealed that records with PGA < 0.1g
tend to produce higher amplification when compared to records with
PGA > 0.2g. It is mainly due to the fact that as the intensity of the
applied motion increases the nonlinear behavior of the soil becomes
predominant and dampens the observed surface PGA. The strong non-
linearity of the ‘sand’ sites as observed in Fig. 14 tends to reduce the
intensity of the ground motion at the surface.

The site-specific seismic hazard analysis was performed by trans-
forming the GMPE to include developed site amplification equation for
various spectral periods. The hazard curves have been compared for
two different spectral periods for varying site condition in Fig. 20. At
T = 0.01s, the surface level hazard curve can be seen distinctly varying
from that of rock at lower spectral acceleration values. However, as
PGA increases beyond 0.3 g, trend tends to be diminishing and closely
merging towards the rock hazard curve. This behavior is mainly due to
the fact that the amplification equation was derived as a function of
input motion at the bedrock level, which in turn induces the strong
nonlinear effect. At T = 1s, the intensity values are lower and as a re-
sult, the nonlinear effect is minimal. Hence, the difference in the esti-
mated intensity values between the two site conditions for T = 1s is
greater than the same at T = 0.01s.

The computed surface UHS was compared with the elastic spectrum
recommended by various codes as well as the target spectrum as shown
in Fig. 21. The soft soil condition was taken for computing the spectra
from Indian code [1]. The code underestimates the amplification po-
tential of regional soils and hence cannot be used for site-specific ap-
plications. A similar comparison was made with [53] by choosing the
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Fig. 19. Plot of variation of PGA along the depth of the soil profile for different
sites.

ground type as ‘C’ and importance class as II for generating the site-
specific spectra. The codal provision underestimates the spectral values
at smaller periods (T < 0.5s) and overestimates at higher values. A
similar observation was made when compared with the ASCE [54]
elastic spectrum for soil class D. However, the ASCE spectrum provides
a better estimation and captures the site amplification reasonably well
among the three codal provisions. The lower estimation of the spectra
resulting from the study for a certain period range may be due to over
damping by EQL analysis. As expected the ‘sand’ site provides higher
spectral acceleration followed by clay and all soil. However, a shift in
the predominant frequency was observed only for the ‘clay’ type. The
shift can be attributed to the fact that the ‘clay’ soil produces significant
amplification even at longer periods (T = 0.5s — 1s) and few of the soil
profiles under ‘clay’ site category have a natural period in the range of
0.8-1s causing resonance at the prolonged period. It is a common un-
derstanding that modeling taller soil column can modify the pre-
dominant period of spectral amplification. However [55], state that the
amplification at the surface does not vary significantly for frequencies
beyond the fundamental period of vibration (fs.) of the soil column. It
was observed that f;. shifts towards lower resonant frequency as the
intensity of the input motion increases and this explains the lower
predominant frequency observed in Fig. 21. Hence, the generated

. T=0.01s
]

<

3

=)

2 13

=

£

D

9

E

2014

D

W

<

»

£

S

S 0.014

)

=

2

2

© 0.001

bl

-9

1E-4 T : T T T T
1E-4  0.001 0.01 0.1 1 10

Spectral Acceleration (g)

Soil Dynamics and Earthquake Engineering 123 (2019) 381-398

——UHS
0.6 - Target

Sand

Clay

All soil
— - —EC-8 (2005)
—-—1S 1893 (2016)
— - —ASCE 41 (2013)

05 /1 \

0.4 IIP-—‘ \~

Spectral Acceleration (g)
-~
/

T T
0.5 1.0 1.5 2.0 2.5
Period (s)

Fig. 21. Comparison of site-specific spectra obtained from the study with that
of the codal provisions and the target spectrum.

surface spectrum is suitable for site-specific applications.

The seismic hazard map depicting the PGA values at the surface has
been presented in Fig. 22. Majority of the study area are susceptible to
moderate to high seismic hazard and the current codal provision un-
derestimates the seismic as well as the amplification potential of the
study area. As per IS 1893 [1], the study area belongs to zone III and
susceptible to moderate ground shaking of PGA 0.16 g. The PGA values
for design basis earthquake intensity level (10% probability of ex-
ceedance in 50 years) varies between 0.11 and 0.35g. Hence, the
findings highlight the necessity for site-specific studies in the Southern
region of India whose seismic potential has been underestimated over
the years.

7. Conclusions

The present study attempts to investigate the influence of local site
amplification and incorporate the same for hazard computation in a
probabilistic manner. In this regard, a number of borehole data were
collected, processed and compiled in a systematic manner. The dynamic
characteristics of the constituent layers in each bore log were modeled
using suitable modulus reduction and damping curves. These modeled
soil profiles were subjected to recorded ground motions selected and
scaled to a target spectrum. The uniform hazard spectrum (UHS) for a
reference site condition (Vs > 1500 ms™) was already available for the
study region. The UHS was modified to generate target spectrum
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Fig. 20. Hazard curves for the rock and ‘all soil’ condition.
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Fig. 22. Seismic hazard maps for the study region for a. 65% probability of exceedance, b. 10% probability of exceedance and c. 2.5% probability of exceedance in

50 years.

compatible with the local site condition. The target spectrum was de-
veloped for three hazard levels and the selected ground motion records
were spectrally matched with the respective target spectrum. The
nonlinear behavior of the soil to various input motions was captured
using an equivalent linear approach. The computed amplification fac-
tors for various input motion intensity level (Spectral acceleration at

396

5% damping, S,) was correlated using a nonlinear regression equation
for various spectral periods. The amplification equations were devel-
oped for each soil type such as ‘Clay’, ‘Sand’ and ‘all soil’. The site-
specific PSHA was performed by transforming a generic GMPE into a
site-specific one and integrating with the already developed seismic
source model for the study area. Additionally, the local site effects were
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studied by plotting incremental changes in the PGA value of the ground
motion transmitted through each soil layer. The computed surface
uniform hazard spectrum was compared with the elastic spectrum re-
commended by various seismic codes. The findings of the study are
summarised below.

1. The soil profiles modeled in the study belongs to NEHRP ‘C’ (360-
760ms ™) and ‘D’ (180-360 ms™) site categories and the study re-
gion belongs to seismic zone III (moderate level shaking).

. The average spectral amplification observed is 3 for ‘All soil’ sites, 5
for ‘clay’ sites and 3.5 for ‘sand’ sites of the study region.

. ‘sand’ sites exhibit nonlinear behavior by undergoing large ampli-
fication for smaller intensity measure but reduce substantially as the
spectral acceleration values (S,") values exceed 0.1 g. Among the
three considered soil types, the ‘sand’ site is by far the highly non-
linear material and ‘all soil’ is less nonlinear.

. ‘clay’ sites exhibit amplification even at longer periods (T = 0.8s, 1s,
and 1.5s) but become less nonlinear with the increase in plasticity
index. Hence, the ‘clay’ site plays a major role in the event of long-
period seismic waves.

. Three soil profiles of Vg30 in the similar range demonstrated distinct
amplification characteristics. The ‘sand’ site amplifies 33% (max.
value) more than all soil and 29% more than the ‘clay’ site for lower
S." values. However, as the S," (> 0.5 g) increases all soil amplifies
9% more than ‘sand’ soil. This observation implies that the local site
amplification cannot be determined by V; (30, alone as the soil
characteristics also influence the amplification.

. The amplification characteristics observed in various spectral period
frames suggests that PGA offers an unbiased and better prediction of
amplification function. The same parameters studied at different
spectral period suffers from resonance (site-specific effect) and de-
merits of the EQL method (computational capacity).

. The comparison of the computed response spectra suggests that the
seismic codes underestimate the spectral acceleration values for
T < 0.25s and overestimates for T > 1s. The elastic response
spectrum from NEHRP matches the estimated site-specific spectrum
at the short period range.

. The seismic hazard map suggests higher values of intensity measure
(PGA) in the mid - Kerala region and the same extending towards
South.

The procedure adopted in the investigation aims to reduce the un-
certainty in various input parameters as well as the dilemma in ad-
justing a host response spectrum to target region. The overall amplifi-
cation has been captured and integrated with the rock PSHA in the most
robust way possible. The study provides a seismic hazard map at the
surface level for the different probability of exceedance. These maps
coupled with the site-specific spectrum can be used to plan, design and
construct infrastructures of socio-economic importance. The outcome of
the study can be further improved by accurate in-situ measurements of
Vs 30y and computing nonlinear site response in time domain. The re-
search findings are region specific but the methodology adopted in the
study can be repeated with reliable data for other regions as well.
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