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ABSTRACT

Shear modulus plays a fundamental role in the estimation of the ground response
parameters in seismic microzonation studies. A large number of site response studies
are still being carried out using SPT data, considering existing correlations between
SPT N-values and shear modulus without knowing the effectiveness of the shear
modulus correlation for the type of soil column. To the best of our knowledge, there
is no clear-cut guideline regarding the use of a suitable shear modulus correlation to
estimate representative shear stiffness for a specific soil column in response studies.
In this study, therefore, an attempt has been made to identify a suitable correlation for
estimating shear modulus (G,,,) for different types of soils, such as sand, clay and
gravel or a mixture of all three. Sites with earthquake data recorded at the surface
(soil profiles along with SPT N-values and shear wave velocity), are selected from the
K-NET (Japanese website) data set. The collected earthquake data consists of moment
magnitudes (Mw) ranging from 5.0 to 9.0, which were recorded at different epicentral
distances. Nonlinear site response studies have been carried out by considering
earthquake data recorded at a rock site as an input ground motion to the soil profiles,
as published in the K-NET data site. Surface ground motion and response spectrums
were further obtained from different G,,, correlations and were compared with
surface recorded time histories for the same event. This study shows that peak ground
acceleration (PGA), response spectrums (RS) and amplification factors (AF) obtained
from a very few Gy, correlations are comparable with the recorded PGA, response
spectrum and amplification factor.
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INTRODUCTION

Seismic microzonation is an integrated approach to map different seismic hazards;
of these site effects are predominantly studied because of their higher impact to
the structural system damage. Regional microzonation maps are being developed
considering site specific response parameters and liquefaction potential of the site
(Anbazhagan et al., 2012). Damage resulting from earthquakes mainly occurs because
of changes in soil behaviour during earthquake loading. Subsurface soil layers play
a very important role in the changes in seismic wave characteristics while they are
travelling through the soil deposit. These are called “site effects” or “induced effects”,
and are primarily a function of the geotechnical properties of the subsurface materials
(Anbazhagan et al., 2012). Site effects are a combination of both soil and topographical
effects, and result from the modification (amplification and deamplification) of the
wave characteristics (amplitude, frequency content and duration) of the incoming
wave field (Anbazhagan et al., 2012). Amplification and liquefaction are the major
effects of earthquakes in terms of causing damage to infrastructure and loss of
life. Marano et al. (2010) from USGS notes that loss of life and damage caused by
ground shaking hazards was more than 80 % of the total damage caused by deadly
earthquakes in the last 40 years. Ground shaking modification is mainly due to the
stiffness of the subsurface soil layers and the type and severity of earthquake damage
is strongly influenced by the response of soils to cyclic loading. Parameters which
characterize response studies are earthquake source, source nature and distance, wave
path, geological context, upper soil properties, topography and primary site effects
(Adams, 2007; Crow et al., 2007).

The input soil parameters essential for each site/ground response analysis are
thickness (h), density (p), and shear modulus (G,,,) of each subsurface layer. The
shear modulus of each layer is one of the most important site parameters affecting
site response studies along with the depth of the bedrock and the type of sand or clay
(Hwang & Lee, 1991). Borehole drilling and logging of borehole information (bore
logs) are useful in determining the soil type and thickness of each layer. Undisturbed
soil samples collected from boreholes are used to estimate the in-situ density of each
layer. However, Ohsaki & Iwasaki (1973) highlight such measuring techniques are
expensive, time consuming and require more specialized equipment.

Bore logs with standard penetration test (SPT) N-values are widely used in
microzonation studies in particular to estimate low strain shear modulus (G,,.,) by
adopting existing correlations between SPT N-values and shear modulus. Shear
modulus (G,,) derived from correlations, modulus reduction and damping curves
should represent the in-situ soil behaviour and be close to site-specific values. However,
in practice they are often chosen without justification: for example, when SPT N is
used to arrive at dynamic properties, just a few G, correlations are routinely used for
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most of the response studies (Anbazhagan et al., 2012).

Therefore, in this paper, an attempt has been made to identify suitable G,y
correlations for specific soil column types, so as to support effective site response
analysis. The major soil column types considered in this study are sand, clay, gravel
and a mixture of all three. The selected sites have recorded data at the surface as well
as drilled soil profiles with SPT N-values. The earthquake data collected consists of
moment magnitudes (Mw) ranging from 5.0 to 9.0, recorded at different epicentral
distances. Surface ground motion and response spectrums are obtained from different
G correlations and are compared with the surface recorded earthquake data for the
same event. The study finds suitable G,,, correlation by comparing estimated peak
ground acceleration (PGA), response spectrums (RS) and amplification factor (AF)
with respective recorded values.

EXISTING SHEAR MODULUS CORRELATIONS

Many empirical correlations have been developed between low strain dynamic
properties of soil, such as shear wave velocity and shear modulus on the one hand, and
SPT N-values on the other. Shear wave velocity correlations are particularly widely
used, but there are fewer shear modulus correlations (Anbazhagan et al., 2012).
Anbazhagan et al. (2012) presented a detailed review of the fourteen available G,
correlations with SPT N and a proposed set of new correlations applicable worldwide.
They pointed out that the existing correlations were developed some considerable
time ago by Imai & Yoshimura (1970), Ohba & Toriumi (1970), Ohta et al. (1972),
Ohsaki & Iwasaki (1973), Hara et al. (1974), Imai & Tonouchi (1982) and Anbazhagan
& Sitharam (2010). The Imai & Tonouchi (1982) correlation for clay was modified
by Kramer (1996) for sandy soil by replacing the measured N-values with energy
corrected N-values [Ng] (Anbazhagan et al., 2012). A set of new shear modulus
correlations were developed by Anbazhagan et al., (2012) considering measured data
from Ohta et al. (1972), Hara et al. (1974) and Anbazhagan & Sitharam (2010). Shear
modulus correlations proposed by Seed et al. (1983), Seed et al. (1986) and Kramer
(1996) are inbuilt into SHAKE2000 (Schnabel et al., 1972) and are widely used to
calculate the shear modulus using SPT N-values for site response analysis. Among
the inbuilt correlations in SHAKE2000, Seed ef al.’s (1983) correlation was based on
their previous studies and the Seed et al. (1986) correlation was based on data from
Ohta & Goto (1976). These correlations require additional parameters other than the
SPT N-value to estimate shear modulus and hence are not widely used in ground
response studies. In this study, a set of compatible and reliable 16 G,,,, correlations are
selected for the site response study, so that suitable G,,,, correlations can be identified
for each soil type. Table 1 presents the 16 SPT N versus G, correlations with equation
numbers used in the study.
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Table 1. List of Gy correlations used in the present study

22

E Correlations from Correlations
N((l)- different authors selected in SI unit Remarks
from literature (MPa)

1 Imai & Yoshimura (1970) | G=9.81N*™ Mixed soil type

Ohba & Toriumi (1970) G = 11.96N%¢ Alluvial soil type
3 | Ohtaeral (1972) G = 13.63N°" Tertiary soil, dl.luv1a1.sandy and

cohesive soil
4 | Ohsaki & Iwasaki (1973) G = 11.94N07 All soil types
5 Ohsaki & Iwasaki (1973) G = 6.374N0% Sandy soil
6 Ohsaki & Iwasaki (1973) G = 11.59N°" Intermediate soil
7 Ohsaki & Iwasaki (1973) G =13.73N°"! Cohesive soil
8 Ohsaki & Iwasaki (1973) G=11.77N%8 All soil type
9 | Haraetal (1974) G = 15.49N% |  Alluvial, Diluvial and Tertiary deposit
10 | Imai & Tonouchi (1982) G = 17.26N0%7 Alluvial clay
11 | Imai & Tonouchi (1982) G =12.26N0! Alluvial Sand
12 | Imai & Tonouchi (1982) G =24.61N* Diluvial clay
13 | Imai & Tonouchi(1982) G =17.36N%%! Diluvial Sand
14 | Imai & Tonouchi (1982) G = 14.12N*8 All soil types
15 él(l)‘tiz(i)z)hagan & Sitharam G =24.28N0"% Silty sand with less percentage of clay
Data from Ohta et al. (1972) & Hara et
16 | Anbazhagan et al. (2012) G =16.40N%% | al. (1974) and Anbazhagan and Sitharam
(2010)

SOIL PROFILE AND GROUND MOTION DATA

Soil profile and ground motion data were collected from the K-NET database. K-NET
(http://www.kyoshin.bosai.go.jp/) is a strong-motion seismograph network that
consists of pairs of seismographs installed in a borehole together with high sensitivity
seismographs on the ground surface, deployed at approximately 700 locations
nationwide in Japan. K-NET has been operated by the National Research Institute for
Earth Science and Disaster Prevention (NIED) since June, 1996. NIED constructed
the K-NET under the plan ‘Fundamental Survey and Observation for Earthquake
Research’ directed by ‘the Headquarters for Earthquake Research Promotion’. The
K-NET database consists of acceleration time history from strong motion seismographs
installed in a borehole as well as on the ground surface, along with subsurface soil/rock
information with shear wave velocities. The K-NET subsurface information includes
stratification details, P-wave velocity profiles and S-wave velocity profiles. Sites with
earthquake data recorded at the surface, drilled soil profiles with SPT N-values and
shear wave velocity are selected for this study. The magnitude scale used in K-NET
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is Myua, estimated by the Japan Metrological Agency (JMA). A total of five profiles
of sand, three profiles of clay, five profiles of gravel and eleven profiles of mixed soil
type for different magnitudes of earthquakes in Japan have been downloaded and used.
A summary of the soil profiles used for the analysis is given in Table 2. A typical soil
profile is presented in Figure 1. Figure 2 shows the location of different soil profiles
used for the analysis. Table 3 presents the details of the N-values for different stations
with their depth.

Table 2. Details of soil profile used for the analysis

Soil . Site Earth(!uake Depth of Input | Surface recorded
Column Station Class Vs® Magnitude motion (m) PGA (g)
(m/s) M,)
EHMO006 C 531 6.4 10.00 0.34
HRSO019 E 175 6.4 20.45 0.43
Sand MIEO008 D 287 7.4 15.45 0.17
6.8,5.1,6.4,7.0, 0.48,0.29,0.36,0.8
MYGO002 C 469 72.9.0 10.00 70.51.0.67
MYGO003 C 476 | 7.0,6.4,7.2,9.0 10.00 0.56,0.19,0.41,0.79
5.3,5.4,6.5 0.12,0.12,0.14,0.1
FKS008 D 304 7’.2’9’.0 ’ 10.00 ’ 5’1.’03 ’
Clay  THrsoos | C | 440 6.4 12.44 0.29
IWTO017 C 437 6.8,7.2,9.0 10.15 0.30,0.12,0.33
EHMO002 C 501 6.4 10.00 0.21
TWT007 D 358 | 7.0,6.4,7.2,9.0 20.00 1.05,0.26,0.25,0.71
Gravel | TWTO023 C 490 6.8 10.00 0.33
NAR004 C 395 7.4 10.50 0.16
NAROO0S8 C 487 5.5,6.9 10.50 0.39,0.12
EHMO003 D 237 6.4 17.30 0.46
EHMO009 C 363 6.4 11.15 0.28
EHMO10 D 349 6.4 16.40 0.20
EHMO12 C 503 6.4 10.00 0.19
FKS007 C 510 5.3,9.0 10.25 0.16,0.70
Mixed IWTO001 D 239 6.8,7.2 10.00 0.84,0.07
IWT004 D 337 6.8 10.00 0.28
6.8,6.1,6.4,7.2 0.48,0.17,0.27,0.2
ITWT009 C 580 ’ 9’.0 e 10.00 ’ 9,0.’58 ’
MIEO10 D 242 7.4,6.9 20.44 0.15,0.08
MIEO11 C 692 7.4 10.00 0.14
WKYO005 D 338 5.4,6.9 10.00 0.59,0.15

Vs¥— the average shear-velocity down to 30 m
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N-Value P.S Velocity Density Soil column
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Fig. 1. Typical soil profile at HRS019 station, Japan (modified after www.K-net.bosai.go.jp)

Strong motion data of acceleration of above 0.05 g are of primary interest for
engineers (Chen & Scawthorn, 2003). Accelerations of less than 0.05 g will have
moderate perceived shaking and very light potential to damage structures. Therefore,
in the present study, accelerations of greater than or equal to 0.05 g are considered.
From the point of view of analysis, earthquakes with magnitudes greater than 5.0
are selected, since lower magnitude earthquakes have bedrock PGA values of 0.05
g and less. The magnitude range in this study varies from 5.0 to 9.0 (Table 2). The
sites selected for the analysis have amplification in ground motion, when compared
to bedrock motion. Most surface recorded ground motion with soil profiles and SPT
N-values does not have the ground motion data recorded at bedrock. Hence, in this
study, it has been considered that ground motion data recorded at site classes A or B is
free from amplification and this is used as an input motion for other sites. Data from
K-NET was selected and used as an input motion for sites C, D, E and F, where the
surface recorded ground motion is available. For the strong motion data obtained from
online records, baseline correction was applied and the acceleration time histories were
multiplied by the scale factor cited in the header file of the recorded ground motion
data file. These corrected acceleration time histories were used to generate response
spectra and compared. The response spectrum describes the maximum response of a
single-degree-of-freedom (SDOF) system to a particular input motion as a function
of the natural frequency and damping ratio of the SDOF system. The response may
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be expressed in terms of acceleration, velocity or displacement. When the Duhamel
integral is applied to a linear elastic SDOF system, it produces expressions for the
acceleration time histories. Figure 3 shows typical spectra of ground motions for site
classes A/B (used as input motions) and surface recorded ground motions for the same
earthquake for different sites considered in the analysis.

Fig. 2. Locations of different stations used for analysis.
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Fig. 3. Selected response spectra input and surface recorded used in the study (a) sand profile EHM006
with My, 6.4 (b) clay profile FKS008 with My, 9.0(c) gravel profile IWT023 with M,, 6.8 (d) mixed profile
IWT009 with M,, 6.8

SITE RESPONSE STUDY TO SELECTED G,,,, RELATIONS

Site-specific ground response analysis is focused on determining the amplification of
seismic waves due to local site specific soil layers. A site response analysis is generally
performed using correlations between SPT N and shear modulus (G,,;), through 1-D
equivalent linear and nonlinear models. In this study, equivalent linear (EQL) analysis
was carried out using the SHAKE site response program (Schnabel ef al., 1972)
and DEEPSOIL, and nonlinear analysis was carried out using DEEPSOIL (Hashash
et al., 2012). Soil response under irregular cyclic loading for SHAKE is modelled
using modulus reduction (G/G,,.x) and damping ratio (B) vs. strain curves. The non-
linearity of the shear modulus and damping is accounted for the use of equivalent
linear soil properties through an iterative procedure to obtain values for modulus and
damping that are compatible with the effective strains in each layer in the equivalent
linear analysis. The 1-D EQL analysis to compute ground response using DEEPSOIL
employs an iterative procedure in the selection of shear modulus and damping ratio of
soil properties. These properties can be defined by discrete points or by defining soil
parameters that used to be in the hyperbolic model in nonlinear analysis. DEEPSOIL
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uses the Matasovic Kondner and Zelasko backbone curve (Matasovic & Vucetic,
1993) which modifies hyperbola, while viscous damping is incorporated via the
Rayleigh damping formulation. In this study, shear modulus and damping curves
proposed by Seed & Idriss (1970) for sand, Vucetic & Dobry (1991) for clay, Seed et
al. (1986) for gravel, and Schnabel (1973) for rock are used for each analysis for all
Gn.x correlations. For mixed soil deposits, the respective modulus and damping curves
were used for the particular soil type in the soil column. Here, only the shear modulus
for each layer is changed to get a response at surface for each G, relation and the
remaining parameters are kept constant for all the analyses. Detailed equivalent linear
analysis and results are presented in Anbazhagan et al. (2015).

EQUIVALENT LINEAR (EQL) AND NONLINEAR (NL) ANALYSIS
RESULTS

Initially EQL and NL were carried out for a few selected profiles and the estimated
PGA and AF by EQL and NL were compared with corresponding values recorded at
the selected site. The PGA obtained from the site response analysis considering the 16
G correlations discussed in the previous section were compared with the recorded
PGA values at the surface. Typical plots of the PGA variation obtained from the 16
Gx correlations are given in Figure 4 for both the EQL and NL analysis. The selected
profiles show that EQL analysis by SHAKE and DEEPSOIL predicts higher PGA
values than NL analysis by DEEPSOIL, with the latter being close to the recorded
values. Similarly the amplification factor was compared with selected profiles from the
EQL and NL analyses. The term “Amplification Factor” (AF) used here refers to the
ratio of the PGA at the ground surface to the PGA at the bedrock, as per Anbazhagan
et al. (2013). Typical estimated amplification values from the EQL and NL analyses
for the selected sites are shown in Figure 5. It can be noted from this figure that
the amplification factor estimated using input and surface recorded ground motion is
around 1.31. Whereas, the AF values from the EQL analyses are more than 2.0, and
the AF values from the NL analyses are in the range of 1.3 to 2.0. Comparisons of
PGA and AF between recorded and calculated ground motions through EQL and NL
analysis for typical sites of each soil type (MIE008-sand, IWT017-clay, EHMO0002-
gravel and MIEO10-mixed soil type) are shown in Table 4. It can be noticed from
Figures 4 and 5 (comparison of PGA and AF with recorded values for site IWT017,
along with response studies carried out through EQL and NL analyses, considering
all 16 shear modulus correlations) and Table 4, that the PGA and AF values estimated
by the EQL models using 16 G, correlations are considerably higher than the NL
model results. The PGA and AF values derived from most of G,,,, correlations are well
comparable with those from the NL analysis.
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Table 4. Comparison of recorded and calculated peak ground acceleration (PGA) and amplification

factor (AF)
Calculated PGA(g) Calculated AF
Station Magnitude | Recorded [Recorded | Eq. EQ EQ NL EQ £EQ NL
M.) | PGAG®) | AF o Shake | DeepSoil | DeepSoil | Shake | DeepSoil | DeepSoil
110228 | 0.341 0.163 1.68 2.51 1.20
210227 0.284 0.161 | 1.67 | 2.09 1.18
310312 0.300 0214 | 229 | 221 1.58
4 10307 0.298 0213 | 226 | 219 1.56
5 10214| 0.286 0.153 | 1.57 | 2.10 1.12
6 10.277| 0.323 0.177 2.03 2.38 1.30
7 10.306| 0.298 0212 | 225 | 219 1.56
MIEO08 74 0,166 ' 8 (0319 0302 0214 | 234 | 222 1.58
9 10320 0.303 0214 | 235| 223 1.58
10 | 0.312 | 0.300 0211 | 230 | 2.21 1.55
11 {0228 | 0.287 0.162 1.68 2.11 1.19
12 {0302 | 0.382 0210 | 222 | 281 1.55
1310325 | 0.308 0.226 | 239 | 226 1.66
1410288 | 0.299 0201 | 212 | 220 1.48
1510295 | 0373 0213 | 217 | 274 1.57
16 | 0.324 | 0.304 0.221 2.39 2.24 1.63
1 10.553| 0.567 0.338 | 245 | 251 1.50
2 10.518| 0.506 0295 | 229 | 224 1.30
3 10.613| 0.615 0344 | 271 | 272 1.52
4 10.604| 0.596 0.337 | 2.67 | 2.64 1.49
5 10485] 0.481 0.283 2.14 2.13 1.25
6 |0.560 | 0.581 0.320 | 248 | 257 1.41
7 10.612| 0.613 0.347 | 271 | 271 1.53
WT017 68 0296 3 8 [0.604 | 0.599 0.341 | 2.67 | 2.65 1.51
9 10.617| 0.625 0353 | 273 | 277 1.56
10 [ 0.626 | 0.631 0.352 | 277 | 279 1.56
11 10.525| 0513 0297 | 232 | 227 1.31
12 {0724 0.710 0457 | 320 | 3.14 2.02
13 10.640 | 0.654 0.365 | 2.83 | 2.90 1.62
14 10.601 | 0.599 0.341 | 2.66 | 2.65 1.51
1510707 | 0.692 0449 | 3.13 | 3.06 1.99
16 [ 0.632| 0.634 0.361 | 2.80 | 2.80 1.60
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110772 0.721 0.797 | 489 | 4.57 5.05
2 10.679| 0.609 0.668 | 430 | 3.85 423
3 10.690 | 0.625 0.737 | 437 | 3.95 4.67
4 10.653| 0.642 0.594 | 413 | 4.06 3.76
510746 | 0.587 0.708 | 472 | 3.71 4.48
6 10.691| 0.671 0.728 | 437 | 4.25 4.61
7 10750 | 0.648 0.730 | 475 | 4.10 4.62
EHMO02 64 0211 134 8 10.724 | 0.661 0.648 | 458 | 4.18 4.10
9 10.693 | 0.686 0.690 | 438 | 4.34 437
10 {0.594 | 0.537 0.604 | 3.76 | 3.40 3.82
11 {0.702 | 0.644 0.694 | 444 | 4.08 439
121 0.687 | 0.637 0.639 | 435 | 4.03 4.04
13 {0.673 | 0.640 0.661 | 426 | 4.05 4.18
14 10.721 | 0.675 0.652 | 457 | 427 4.12
151 0.685| 0.656 0.678 | 434 | 4.15 4.29
16 | 0.737 | 0.704 0.633 | 4.67 | 4.46 4.01
10191 0.192 0.168 | 1.41 1.41 1.23
2 10172 0.174 0.144 | 1.27 1.28 1.06
310221 0.220 0.167 | 1.62 1.62 1.23
4 10228| 0.228 0.183 | 1.68 1.67 1.34
510203 | 0.204 0.165 | 1.50 1.50 1.21
6 10212 0212 0.162 | 1.56 1.56 1.19
7 10215| 0214 0.167 | 1.58 1.58 1.23
MIEO10 74 0154 - 810225 0.225 0.195 | 1.66 1.66 1.43
9 10210| 0.209 0.161 1.55 1.54 1.18
101 0.208 | 0.210 0.155 | 1.53 1.54 1.14
11 {0171 0.173 0.144 | 1.26 1.27 1.06
12 {0224 | 0.224 0.172 | 1.65 1.64 1.26
1310.208 | 0.207 0.158 | 1.53 1.52 1.16
141 0.207 | 0.209 0.158 | 1.52 1.54 1.16
1510222 0.221 0.165 | 1.63 1.63 1.21
16 {0.210| 0.209 0.159 | 154 | 1.54 1.17

In this analysis, since all input parameters and soil models are similar for the EQL
and NL analyses, it is assumed that the higher PGA and AF values in the EQL analysis
were due to the numerical scheme. The dynamic responses computed via these
methods can vary considerably due to inherent differences in the numerical approaches
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(frequency domain vs. time domain solutions) and differences in how the nonlinear soil
response is modelled (equivalent linear vs. fully nonlinear). The smaller amplification
predicted by the nonlinear method is probably due to the continuously changing soil
stiffness in the nonlinear analysis (Rathje & Kottke, 2011). However, there may be
additional reasons apart from the numerical scheme, which is not the focus of this
paper. From the results it is believed that NL analysis using the DEEPSOIL program is
appropriate for the estimation of response parameters that are close to recorded values.
Henceforth, only nonlinear analysis is used to evaluate seismic response for all the
profiles considered in this study. The response spectrum (RS) at the top layer derived
from nonlinear site response analysis by considering 16 G, correlations is shown in
Figure 6. It can be noticed from Figure 6 that the shape of the response spectrum is
similar for all the G,,, correlations, but the amplitudes are different and the response
spectra of very few correlations matches with the recorded spectra across the entire
period range.

SELECTION OF G,,,, CORRELATION BASED ON PGA

Nonlinear site response analysis by DEEPSOIL was carried out for all profiles given in
Table 2. The PGA values estimated using 16 G, correlations were compared with the
surface recorded PGA values for each site and, in this section, the G,,,, correlations,
which give PGA values closest to the recorded PGA values for the most sites and
magnitudes are identified. The PGA values obtained from different correlations were
compared with recorded PGA values under five groups of percentage error varying
from 0 to +50% with intervals of £10% error.

—cor 1 —cor 2

1 ——cor 3 —cor4
6 cor S —cor6

——cor 7 —cor 8

cor9 —cor 10
cor 11 corl2
corl3 cor 14
cor 15 corlo

corl7

Spectral acceleration (g)

0.01 0.1 1
Period(s)

Fig. 6. Typical plot of response spectrum from non-linear analysis of sand profile MIE0OS with
magnitude 7.4
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The variation of the PGA values from the recorded data and from calculated
responses are shown in Figures 7-10 for each soil type. Table 5 shows the comparison
of PGA and AF values obtained from different correlations with the recorded value
through NL analysis for all the sites considered in this study.

For shallow sand profile of MYGO002 (4 m), correlations 4, 8 and 12 predict close
to the recorded value with an error of +0-10% for a magnitude 9.0 earthquake (Figure
7). For the clay profile IWT017, where the depth of the clay is around 8 m, correlations
2,5, 8 and 11 predict an error of £0-10% for most of the magnitudes considered in this
study (Figure 8). Figure 8 also shows that the PGA values of the clay profile IWT017
with an earthquake magnitude of 6.8 have an error of £0-10% for G, correlations 2,
5 and 11. For the gravel profile IWTO007 all correlations predict well for an earthquake
magnitude of 7.2, but correlations 2, 10, 12, 13 and 15 have the lowest error rate of
+0-10% (Figure 9). In the mixed soil type of site MIE010, which comprises clay layer
in-between sand and with filled-up soil on top, correlations 2, 11 and 5 return errors
of £0-10% for a magnitude 7.4 earthquake (Figure 10). For the same profile with a
magnitude 6.9 earthquake, correlations 2 and 11 predict good estimates (Table 5). Gpax
correlations, which predict PGA values that are close to the recorded PGA values for
each site and different magnitudes are highlighted in Table 5. From the table it can be
observed that G,,,, correlation 8 for sand, 2 for clay, 10 for gravel and 11 for mixed soil
predict close to the recorded data for the maximum number of cases for the respective
soil column above bedrock. The next best G,,,, correlations are 12 for sand, 11 for clay,
13 for gravel and 5 for mixed soil.
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Fig. 7. Comparison of PGA from different G correlations for sand profile MYG002, M 9.0
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Table 5. Comparison of peak ground acceleration (PGA) and amplification factor (AF) obtained from
different correlation with recorded value

NL analysis by DeepSoil
PGA AF
Soil type M. | Eq. compared Pe.rcentage Eq. compared Pefrcentage
W difference difference
6.8 12,8,4 +10-20% 12,8,4 +20-30%
5.1 8,4 >+50% 8,5 >+50%
6.4 12,8,4 +40-50% 12,8,4 +40-50%
MYG002
7.0 | Except 1,15 +10-20% Except 1,15 +10-20%
7.2 12,8,4 +10-20% 12,8,4 +10-20%
9.0 4,82 +0-10% 4,82 +0-10%
EHMO006 6.4 12,16,13,10,4 +10-20% 12,16,4,10 +10-20%
Sand 70 |48 £30-40% | 4.8 +30-40%
VG003 6.4 | Alleq. +0-10% All eg. +0-10%
7.2 2,11 +40-50% 2,11 +40-50%
9.0 4,8 +30-40% 4,8 +30-40%
MIE008 74 2,115 +0-10% 11,2,5 +0-10%
HRSO019 6.4 12,5 >+50% 12,11,5 > +50%
53 [52,11 > £50% 52,11 > £50%
5.4 2,11 >+50% 2,11 >+50%
FKS008 6.5 14,5,13 >+50% 14,5,13 +30-40%
7.2 5,2,11 >+50% 5,2,11 >+50%
Clay 9.0 11,5,2 >+50% 11,5,2 +40-50%
HRS005 6.4 8,2, 11 >+50% 11,2, 8 >+50%
6.8 11,2,5 +0-10% 2,11, 5 +0-10%
IWTO017 7.2 5, 11 >+50% 5,11 >+50%
9.0 11,2, 5 +0-10% 11,2, 5 +0-10%
EHMO002 6.4 4,10 >+50% 4,10 > +50%
IWTO023 6.8 16,10 > +50% 16,10 +40-50%
NARO004 7.4 15,10,12,13 >+50% 15,10,12,13 > +50%
5.5 2,11 +20-30% 2,11 +20-30%
NARO0O08
6.9 |2,10,11 > £50% 2,10,11 > £50%
Gravel 70 | 12,10 £20-30% | 12,10 £20-30%
6.4 12,13,15,10 +10-20% 12,13,15,10 +10-20%
IWT007
7.2 13,15,10,12 +0-10% 13,15,10,12 +0-10%
9.0 15,10,13,12 +0-10% 15,10,13,12 +0-10%
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74 [2115 +0-10% 2115 +0-10%
MIE010

69 |21 £20-30% | 2.11 +20-30%

53 [155 +40-50% | 15,5 +40-50%
FKS007

9.0 | All Egs. +0-10% All Egs. +0-10%
IWT004 68 |2.11 £10-20% | 2,11 £10-20%

68 |1252.11 +0-10% 12,5.2.11 +0-10%

61 |2115 £10-20% | 2.11.5 £10-20%
IWT009 64 |124 +10-20% | 12,4 +10-20%

72 |5.122 £10-20% | 5.12.2 +10-20%

9.0 |[52.11 +0-10% 52,11 +0-10%

Mixed | EHMO12 64 |1125 +40-50% | 11.2.5 +40-50%
Soil I MrEo11 74 |112,5 > £50% 12,5 > £50%

EHMO009 64 |Except2,11,15 |£10-20% | Except 11,2,15 | £10-20%

68 | 112 > +50% 1.2 > +50%
IWT001

72 [155 > +50% 15,5 > +50%
EHMO03 64 [12.13 £30-40% | 12,13,16 +30-40%
EHMO10 64 |Except4,15  |£10-20% | Except4,15 | £10-20%

54 |12.16 £10-20% | 12,15 £10-20%
WKY005

69 |5,10 +40-50% |5 +40-50%

SELECTION OF G,,,, CORRELATIONS BASED ON AF

The amplification factor is calculated using PGA values at the surface obtained as a
result of the response study with PGA at the rock level as the input. The obtained AF
values from DEEPSOIL NL analyses vary from 1 to 5.54 for different correlations. The
variation of AF in respect to the recorded value of sand profile MYGO002 is shown in
Figure 11. It can be observed that for magnitude 9.0 correlations 4, 8 and 2 predict the
lowest percentage error of +0-10%. Observations for different magnitudes can be seen
in Table 5. For clay, AF values vary from 1.25 for profile IWT017 to 5.65 for profile
HRSO005. For profile IWT017, with an earthquake of magnitude 6.8, correlations 2, 5
and 11 predict AF values close to the recorded AF ones (Figure 12). The variation of the
amplification factor for gravel varies from 1.55 for profile NAR0OS to 5.89 for profile
EHMO002, for different correlations. For profile IWT007, correlations 10, 15 and 13
predict the least percentage differences in AF for a magnitude 7.2 earthquake (Figure
13). The variation of the amplification factor of mixed soil varies from 0.78 for profile
IWTO004 to 4.71 for profile MIEO11. For profile MIEO10, correlations 2 and 11 predict
closest to the recorded amplifications for both the magnitudes considered (Figure 14).
Similar parametric studies are carried out for all profiles for varying magnitudes and
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the results are tabulated in Table 5. It can be observed that G,,,, correlation 8 for sand,
2 for clay, 10 for gravel and 11 for mixed soil predict closest to the recorded data for
the maximum number of cases for the respective soil column above bedrock. The next
closest predictions are derived from G, correlation 12 for sand, 11 for clay, 13 for
gravel and 5 for mixed soil.

The shear stiffness of the soil column plays a predominant role in local site effects
and, in most cases; the shear modulus of'the soil column is estimated using existing G,
correlations. In this study, parametric nonlinear site response analysis was carried out
considering soil profiles with surface record earthquake data. Sixteen G,,,, correlations
were used for arriving at surface response spectral parameters, which were compared
with the recorded data. Those G___correlations giving matching spectral parameters
are considered as more suitable for the specific soil type. Anbazhagan et al. (2015)
presented a similar study considering EQL analysis. However, in this study, it is
found that the spectral parameters obtained from EQL analysis are higher than those
obtained from NL analysis. This difference is due to high-frequency amplification in
the NL analysis caused by the instantaneous change in stiffness upon reversal of stress,
and the over-damping of high frequencies in EQL analysis at larger strains (Rathje &
Kottke, 2011). The significant amplification is due to impedance contrasts between
shallow, weak soils and hard rock. Nonetheless, the G,,., correlations identified in this
study are similar to the EQL outcomes. However, the degree of matching in terms of
PGA, AF and response spectra is closer in the NL analyses compared to EQL results
(refer Table 4). This means that not all the shear modulus correlations available in the
literature may be directly applicable to sites, and that appropriate correlations should
be selected considering the soil column. Such selection would help in the accurate
estimation of representative seismic response parameters.
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CONCLUSIONS

Many shear modulus correlations with SPT N-values have been developed for different
soil types following certain assumption. However, among these, just a few Gy,
correlations have been repeatedly used to carry out site response analyses, irrespective
of soil type. In this study, an attempt has been made to present suitable shear modulus
and SPT correlations for different soil columns by carrying out a detailed site response
study of sites with recorded ground motion data and SPT N-values. Initially, the
response study was carried out using both EQL and NL models, but it was found
that the EQL results were much higher than the NL results. Nonlinear site response
studies using DEEPSOIL for the soil profiles were therefore used to derive the final
conclusions. The obtained results were compared with the surface record of the same
earthquake event, in terms of PGA, AF and response spectra. This study shows that
the response studies carried out by using a few repeated correlations (which are
inbuilt in response analysis software) will tend to result in over-prediction of response
parameters for different soil column types. In fact, the PGA, response spectrum and
AF values obtained from only a few shear modulus correlations are comparable
with the respective recorded data. G, correlation 8, proposed by Ohsaki & Iwasaki
(1973), can be used for the best prediction of surface response parameters in sand and a
mixture of sand with sandy soil column sites, with different site classes and overburden
thickness. Other than correlation 8, correlation 12, proposed by Imai & Tonouchi
(1982) also predicts response parameters that match closely with recorded values for
sand soil columns. Even though all the correlations predict higher amplifications than
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the recorded values for clay, G,,,, correlation 2, proposed by Ohba & Toriumi (1970),
has the least percentage of error and also better matches the average spectra for sites
having clay soil columns. Correlation 11, proposed by Imai & Tonouchi (1982), is the
next best match for the prediction of response parameters in clay soil columns. G,
correlation 10, proposed by Imai & Tonouchi (1982), has the least percentage error and
a better match of the average spectra than other correlations for sites with gravel soil
columns. For sites with a mixture of clay and sand, correlation 11, proposed by Imai &
Tonouchi (1982), predicts well for different overburden thicknesses and magnitudes.
For profiles with clay in-between gravely soils, correlation 5, proposed by Ohasaki
& Iwasaki (1973), predicts best, while correlation 15, proposed by Anbazhagan &
Sitharam (2010), exhibits the least percentage of error for soil columns, which are a
mixture of gravel, sand and fill soil for different magnitudes. The above correlations
are recommended for the estimation of shear modulus for representative site response
studies using SPT N-values in the absence of shear wave velocity measurement. The
results obtained from this study are useful for site response studies of sites, where site
specific shear modulus and N correlation is not available and only SPT N with soil
type data are available.
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