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ABSTRACT: The response of subsoil strata under seismic excitations governs the response
of the overlying superstructures at any particular site. Ground response analysis (GRA) helps
to assess the influence of the soil medium on the propagating shear waves and indicates about
the characteristics of the waves reaching the ground surface from the bedrock level. Conven-
tionally, GRA is carried out based equivalent linear approach, which being a simplistic
approach is unable to capture the nonlinear characteristics of saturated silty sands subjected
to seismic shaking. This article presents the outcome of seismic one-dimensional nonlinear
GRA of IIT Guwahati (located on a varying geology in the saturated alluvial banks of River
Brahmaputra) considering pore-water pressure generation and dissipation characteristics and
non-Masing unload-reload criteria. Various ground response parameters obtained from the
study helps in the accurate identification of the earthquake intensity based site amplification
of the region expressed through a 2-D mapping.

1 INTRODUCTION

Several major seismic events occurred over the past few decades, namely the 1960 Chile earth-
quake, the 1985 Mexico City earthquake, the 1989 Loma Prieta earthquake and the 1995
Kobe earthquake, demonstrating the importance of local site geology in governing the ground
response. The soil geomorphology and site topography play an important role in altering the
intensity and frequency content of a seismic motion as the seismic waves propagate through
the soil strata. At any particular site, the safety of the structures is guided by the response of
the underlying soil stratum subjected to the propagating seismic waves. The localized damage
potential of an earthquake largely depends on the local soil properties and, thus, performing
site-specific seismic ground response analysis becomes a task of utmost necessity. One-dimen-
sional ground response analysis (1D GRA) methods are widely used for seismic characteriza-
tion of a site, which can be performed either in frequency domain (linear or equivalent linear
total stress approaches) or in time domain (nonlinear total and effective stress approaches).
Guwahati, the largest city in North-East India, is located at 26°11′ N latitude and 91°44′ E

longitude. Guwahati city lies on the banks of river Brahmaputra and has a population of
1,200,000 as per the census of 2011. Northeastern regions of India has been subjected to
numerous moderate to large magnitude earthquakes in the past and the entire region has been
designated as seismic zone V as per IS: 1893-Part 1 (2002), the most seismically active zone in
the country. Widespread damages ranging from settlement and structural failures to liquefac-
tion related failures have been reported during the event of the major earthquake occurrences
in this region like the 1869 Cachar earthquake, the 1897 Shillong plateau earthquake and the
1950 Assam earthquake. The regional geology being largely favorable to ground shaking, seis-
mic amplification and possible liquefaction, it is highly imperative that a detailed GRA
should be carried out for the city with increasing urbanization. Such GRA studies for
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Guwahati city using frequency-domain equivalent linear approach have been reported in past
(Kumar & Dey 2015).
Indian Institute of Technology Guwahati is one of the elite institutes in the country located

on the northern banks of River Brahmaputra. Being a growing institute, the pace of develop-
ment of infrastructure is rapid. Being situated in the alluvial silty-sand riverbank, accompanied
by a high water table, the institute faces a noticeable shaking of buildings during frequently
occurring semi-major to major seismic events. With more tall structures being on the proposal
to satisfy the growing needs of the institute, it is imperative to know the response of the sub-
strata during seismic events that would help to take decisions about the characteristics of the
new structures as well as decisions for retrofitting techniques for the existing ones. This paper
focuses on 1D effective stress nonlinear GRA study conducted for IIT Guwahati campus using
DEEPSOIL (Hashash et al. 2015), while incorporating pore-water pressure generation/dissipa-
tion model and non-Masing load-unload-reload criteria. The results are expressed with the aid
of estimated ground response parameters namely peak ground acceleration (PGA), peak spec-
tral acceleration (Peak SA), amplification factor, and mean normalized spectral acceleration.
Based on the quantitative values of each of these ground response parameters at different sites,
a 2D mapping of the amplification characteristics of the site subjected to different magnitudes
of earthquake intensity has been developed and presented in the form of contours.

2 NONLINEAR TIME DOMAIN GRA

In nonlinear time domain GRA, a multiple degree of freedom lumped parameter model com-
prising of mass-spring-dashpot systems is used to represent the stratified soil profile. Subse-
quently, nonlinear response of the model is analyzed by solving the dynamic equation of motion
using the incremental-time based numerical integration. During integration in small time-steps,
the approach utilizes a nonlinear stress-strain model representing the constitutive behavior of
the soil. At the beginning of each time step, the stress-strain relationship is referred to obtain the
dynamic soil properties (shear stiffness and damping) to be used in that time step. Nonlinear
stress-strain models that follow Masing or non-Masing rules can be used. The Kondner &
Zelasko ‘KZ’ hyperbolic stress-strain model or some of its subsequent modified forms (Mataso-
vic & Vucetic 1993) are used to describe the backbone curve that is used to evaluate the initial
small strain based shear stiffness and damping ratio of the soil. The stress-strain behavior in the
subsequent cycles is obtained by modeling the soil stiffness degradation, with pore-water pres-
sure development, as the parameter for modeling the strength degradation during the effective
stress analysis. The nonlinear model developed (Phillips & Hashash 2009) with hysteretic damp-
ing reduction factor (referred to as MRDF procedure), which modifies the Masing and extended
Masing rules, is commonly implemented in site response calculations for performing nonlinear
non-Masing analyses. The pore-water pressure generation models for sands (Matasovic 1992)
and clays (Matasovic & Vucetic 1995) are used for the analysis depending on the major compo-
nent of the soil type being analyzed for GRA. Pore-water pressure dissipation is taken into
account using Terzaghi’s one-dimensional consolidation theory. Both the loading and unload-
ing/reloading segments of the stress-strain curves, governed by the reference strain, are chosen
for conducting nonlinear non-Masing GRA (Phillips & Hashash, 2009). The dependency of ref-
erence strain on confining pressure has been suggested by various researchers, and a relation
between small strain damping ratio and confining pressure has been developed. The formula-
tions of reference strain and small strain damping ratio as a function of confining pressure,
given by Hashash & Park (2001), is used in this study.

3 REGIONAL GEOLOGY AND GEOTECHNICAL DATA

The campus of IIT Guwahati, situated on the northern bank of river Brahmaputra, has a wide
variety in soil geology. There are stretches of plain land with alluvial/fluvial soil deposits and
small hillocks in between which comprise of very hard soil or rock outcrops. The sub-surface geol-
ogy profile in this region ranges from inter-bedded layers of clayey silts, silts, silty sands and sands
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to even rocks and rock formations in a few locations. For the present study, 17 locations (each
location represented by multiple boreholes) are selected in the IIT Guwahati campus as depicted
in Figure 1a. Soil data are taken from available borehole log reports for this area. Water table is
observed to be quite close to the ground surface (within 2 m from the existing ground level) in
almost all of the borehole locations under consideration. The soil up to depths of 10-15 m is
mostly soft or in loose state with SPT-N value much lesser than 30. Shear wave velocities (Vs) for
soil layers are estimated based on correlations with SPT-N values using standard correlations.
For various correlations (Ohta & Goto 1978, Hasancebi & Ulusay 2007) used for the soil profiles
in this region, it was observed that the results lie in a narrow band with the median value showing
a good match with the Imai & Tonouchi (1982) relationship (Basu et al. 2019) which was hence-
forth used. Figure 1b shows the shear wave velocity (Vs) variation at five typically different soil
profiles observed at IIT Guwahati region, deduced using Imai & Tonouchi (1982) relationship.
The geology of IIT Guwahati is quite diversified as can be understood from the typical shear-
wave velocity profiles. There are some sites (Site S1 and likewise) which exhibits gradual and con-
tinuous increase in Vs. Some sites (S4, S7 and likewise) manifest the existence of soft soil strata at
a depth of 8-16 m. Some sites (S10 and likewise) has a deeper homogeneous stiff strata illustrated
by nearly constant Vs at larger depths. The region consists of varying depth of bedrock mani-
fested by the termination length of the boreholes. Some sites (S1, S4 and likewise) have bedrocks
located at deeper levels, while for some sites (S7, S10 and likewise) have shallower depth bedrocks,
and there are some region in the campus where bedrocks are extremely shallow (S12 and likewise)
with the presence of rock outcrops in few instances.

4 MODELING OF SOIL PROFILE AND SEISMIC DATA

Based on the SPT-N values, obtained from the borelogs, the shear-wave velocities for each of
the layers in the soil columns are computed. The modulus reduction and damping curves for
different soil layers, required during the nonlinear analysis, are obtained based on the estab-
lished formulations (Ishibashi & Zhang 1993). The formulations take into account the soil
properties like plasticity index, shear strain, and effective confining pressure. The obtained
curves are fitted using the Modulus reduction-Damping factor (MRDF) fitting procedure
(Phillips & Hashash 2009), and subsequently, the parameters for the stress-strain model are
defined. The reference strain and small-strain damping ratio for all the soil profiles are con-
sidered to be independent of confining pressure. Frequency independent small-strain viscous
damping formulation is used. The soil profiles are assumed underlain by elastic bedrock with
high shear wave velocity (5000 m/s) to account for the effect of rigid bedrock. Table 1 lists the
nonlinear non-Masing stress-strain model parameters that are defined in DEEPSOIL
(Hashash et al. 2015) in the process of modeling the soil profile. The parameters σref , γr, ξ, β,
s, b, d represents reference confining pressure (0.18 MPa), reference strain, damping ratio and
dimensionless factors. P1, P2, P3 are the parameters selected to obtain the best possible fit

Figure 1. (a) Schematic locations of the study sites at IIT Guwahati. (b) Shear wave velocity profiles of

five typical sites at IIT Guwahati
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with the target damping curve as per MRDF procedure (Phillips & Hashash 2009) and these
parameters help in defining the reduction factor FðγmÞ. The pore water pressure (PWP) gener-
ation model parameters for clayey soils (Matasovic & Vucetic 1995) and for sandy soils
(Matasovic 1992) are evaluated and used in DEEPSOIL (2015) as shown in Table 2. s, r, A, B,
C, D are the PWP generation model constants for clayey soils; f , p, s, F , v are the PWP gener-
ation model constants for sands; and, g is the cyclic threshold shear strain. The value of coeffi-
cient of consolidation, which controls the pore-water dissipation characteristic, is 0.0000001
m2/s for the clayey silt layer.

The 2011 Sikkim earthquake strong motion recorded at IIT Guwahati with ‘peak bedrock level
acceleration’ (PBRA) of 0.02g has been used for the present analysis. In order to comprehend the
effect of varying PBRA, three scaled motions have also been used in the analyses, having a PBRA
0.06g, 0.18g and 0.36g. It should be noted that the PBRA of the motion from the same earth-
quake, recorded close to the hypocenter, was about 0.18g (Basu et al. 2019). Subjected to these
aforementioned four strong motions, GRA studies of the soil profiles have been conducted.

5 RESULTS OF GRA STUDIES

5.1 Peak horizontal acceleration (PHA) and amplification factor (AF)

For five typical borehole sites at IIT Guwahati as demarcated earlier, Figure 2 illustrates the
variation of peak horizontal acceleration (PHA) with depth for two different magnitudes of

Table 1. Nonlinear non-Masing stress-strain and pore-water generation model parameters for a typical

soil profile at IIT Guwahati.

Layer σref (MPa) γr ð%Þ β s b d ξ ð%Þ P1 P2 P3

Clayey silt 0.18 0.1634 1.515 1.125 0 0 0.9 0.58 0.282 2.4

Silty sand 0.18 0.1194 1.32 0.84 0 0 1.17 0.95 0.21 3.25

PWP parameters s r A B C D g

Clayey silt 0.075 0.495 7.645 -14.72 6.38 0.692 0.1

PWP parameters f p s F v g

Silty sand 1 1 1 0.73 3.8 0.02

Table 2. Summary of PGA and AF for all locations at IIT Guwahati campus site.

Site number

PGA (g) (AF in brackets)

PBRA=0.02g PBRA=0.06g PBRA=0.18g PBRA=0.36g

S1 0.11 (5.5) 0.19 (3.17) 0.24 (1.33) 0.27 (0.75)

S2 0.08 (4) 0.13 (2.17) 0.14 (0.78) 0.14 (0.39)

S3 0.09 (4.5) 0.22 (3.67) 0.52 (2.89) 0.67 (1.86)

S4 0.05 (2.5) 0.09 (1.5) 0.14 (0.78) 0.14 (0.38)

S5 0.08 (4) 0.14 (2.33) 0.19 (1.06) 0.19 (0.53)

S6 0.1 (5) 0.19 (3.17) 0.26 (1.44) 0.32 (0.89)

S7 0.1 (5) 0.21 (3.5) 0.39 (1.08) 0.44 (1.22)

S8 0.08 (4) 0.18 (3) 0.32 (1.78) 0.36 (1)

S9 0.07 (3.5) 0.16 (2.67) 0.33 (1.83) 0.37 (1.03)

S10 0.09 (4.5) 0.2 (3.33) 0.44 (2.44) 0.65 (1.81)

S11 0.06 (3) 0.12 (2) 0.21 (1.17) 0.22 (0.61)

S12 0.09 (4.5) 0.2 (3.33) 0.46 (2.56) 0.61 (1.69)

S13 0.06 (3) 0.12 (2) 0.24 (1.33) 0.3 (0.83)

S14 0.07 (3.5) 0.15 (2.5) 0.28 (1.56) 0.35 (0.97)

S15 0.06 (3) 0.1 (1.67) 0.15 (0.83) 0.2 (0.56)

S16 0.08 (4) 0.11 (1.83) 0.13 (0.72) 0.14 (0.39)

S17 0.1 (5) 0.16 (2.67) 0.28 (1.56) 0.32 (0.89)
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PBRA. It can be noticed that the same site exhibits different responses for input motions with
different PBRA. For a lower magnitude of PBRA (0.02g), all the sites exhibit amplification of
the PBRA as is measured at different depths of the soil profile. As the PBRA is increased to a
significantly higher magnitude (0.36g), it is noticed that some of the sites exhibit de-amplification
of the input motion at the top of the soil layer after traversing through the substrata. These vari-
ations in the observations can be justifiably explained based on the differences in the soil profile
along the depth, at different locations. The amplification or attenuation of ground motion in a
soil profile is guided by two simultaneously occurring mechanisms. Lesser Vs value indicates a
comparatively loose deposit, thus allowing for higher displacement during shaking. At the same
time, larger strains induced in the soil layers results in increased hysteretic damping, which tends
to reduce the amplitude of the ground motion traversing through a particular soil layer.
Governed by the continuously increasing shear wave velocity towards the bottom of the soil

profile, site S1 shows gradual amplification of input bedrock motion having PBRA of 0.02g.
However, for PBRA 0.36g, substantial damping is introduced due to larger ground shaking
and larger strains induced near the top of the profile. Consequently, a significant reduction in
the PHA values is observed at the top 5m of the soil, which resulted in an overall de-amplifica-
tion of the input motion. Site S4 exhibits a similar trend of PHA profiles, the difference being
observed at the depths of 8-15m, where Site S4 comprises of a soft soil stratum. As a result,
for PBRA 0.02g, the PHA profile revealed amplification in these depths and at the top of the
soil profile, while an intermediate attenuation can be observed at the depths of 5-12m. With
higher ground shaking, the behavior becomes similar to that of Site S1. Site S7 followed a
similar trend as that of S4 for obvious reasons as can be understood from the similarity of
variation of the shear wave velocities for both the sites.
For low PBRA (0.02g), sites S10 and S12 exhibits similar trends in the PHA profiles as that

of the other sites. However, when subjected to higher PBRA (0.36g), unlike other sites, S10
and S12 exhibited continually increased amplification of the input motion. Figure 2 illustrates
the soils of sites S10 and S12 are much stiffer than the other locations, exhibited by compara-
tively much higher Vs value, especially at the uppermost layers (about 1.5 - 2 times of the Vs

observed at the sites S1 and S4). The soils in the upper layers of the sites S10 and S12 are not
in a loose state, and would not introduce large damping during high shaking, and, conse-
quently, would show an overall amplification even at higher PBRA input motions. For differ-
ent sites, overall amplification or attenuation is defined by whether the peak ground
acceleration (PGA) is higher or lesser than the input PBRA, respectively.
Based on the GRA carried out for all the 17 sites at IIT Guwahati, the distribution of the

peak ground acceleration (PGA, i.e. PHA at ground surface) estimates all around the IIT
Guwahati campus are presented in the form of contour maps as illustrated in Figure 3. It can
be well observed that the PGA estimates increase with the increase in the input motion PBRA.
From the figures, it can be comprehended that significant PGA will be experienced around
the sites S3, S8, S9, S10, S12 and S17. The least PGA values are observed in regions around
sites S2, S4, S6 and S16.

Figure 2. PHA profiles at five typical sites at IIT Guwahati for varying PBRA (a) 0.02 g (b) 0.36g.
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Apart from getting the idea of distribution of PGA around the campus site from PGA con-
tours, the same is used to evaluate the amplification factor, which is defined as the ratio of the
peak acceleration at ground surface to the peak acceleration at bedrock level (i.e. AF = PGA/
PBRA). Hence, AF gives an idea about the relative degree of enhancement/attenuation of the
bedrock level seismic accelerations based on the characteristics of the propagating medium.
Table 2 summarizes the PGA values and the corresponding AF values evaluated at various

locations in the campus. It is observed that as the PBRA of input motion increases, the ampli-
fication factor decreases for all the sites in the campus. This characteristic has also been
reported in the previous literature, and the observation is attributed to the hysteretic damping
induced during the shaking. High PBRA motions induce higher strains and subsequently
higher hysteretic damping which results in lesser amplification, or even attenuation, of the
bedrock motion reaching the ground surface. It can be observed that for the seismic motion
having a PBRA of 0.36g, AF values are lesser than 1 for most parts of the campus site which
indicates the PGA is lesser than PBRA. Only for specific locations, such as site S10, regions
around site S12, and in between sites S3 and S15, AF remains greater than 1, hence suggesting
amplification of the bedrock motion. Based on the results, it can be stated that attenuation of
ground motion is expected to occur in most parts of IIT Guwahati campus for seismic
motions having PBRA greater than 0.18g.

5.2 Response spectra, peak spectral acceleration and predominant period

Response spectrum is an important tool in characterizing strong motion. It describes the max-
imum response of a single-degree-of-freedom (SDOF) system to a particular input motion as
a function of the natural period (or natural frequency) and damping ratio of the SDOF
system. 5% damped surface spectral acceleration plot can be obtained after performing
ground response analysis study for any particular site. Strong ground motion characteristics
are reflected indirectly by response spectra since they are filtered by the response of a represen-
tative SDOF structure. Governed by the chosen seismic motion, response spectra aid in the

Figure 3. Contour maps of PGA (in g) at IIT Guwahati campus for varying input motion PBRA (a)

0.02g (b) 0.06g (c) 0.18g (d) 0.36g.
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assessment of the spectral acceleration of any structure defined by its natural period of vibra-
tion. For the present study considering varying PBRA, the response spectra developed for five
typical borehole sites (as demarcated earlier) at IIT Guwahati is shown in Figure 4. The peaks
of the response spectra at all the five sites are observed within a period of 0.2s and 0.7s for
selected input motion PBRA (0.02g and 0.36g). It can also be noted that for low PBRA mag-
nitudes, the spectral acceleration (SA) for different sites does not significantly vary from each
other especially at the corresponding frequency bandwidths (Figure 4a).The difference in the
SA becomes prominent as the PBRA increases to high magnitudes (Figure 4b). For such
cases, the SA clearly reflects the strength characteristics of the soil profile. Site S1 having the
lowest shear wave velocity (indicating lower soil stiffness) exhibits lower spectral acceleration,
while site S10 having the highest shear wave velocity exhibit the highest SA.
The highest SA obtained from a response spectra plot of any site is termed as peak spectral

acceleration (Peak SA). Figure 5a provides a typical contour distribution of 5% damped Peak SA
(in g) around the IIT Guwahati campus site for PBRA 0.18g (corresponding to Zone V as per the
location of the site). Higher Peak SA values are obtained in regions around sites S3, S9, S10 and
S12 as expected for soils with stiffer substrata, and on the contrary, for soils with lower stiffness,
the least Peak SA values are observed in and around sites S2, S4, S5, S11, S15 and S16.
The magnitude of the spectral acceleration for a site changes with the strong motion characteris-

tics. Normalization of the spectral acceleration curves removes the dependency of the results on
the input motion. The normalized response spectrum at any location can be obtained by dividing
the obtained spectral acceleration values with respect to the PGA obtained from the GRA of sub-
strata subjected to any particular input bedrock motion. Under such circumstance, if the GRA
has been conducted using a number of input bedrock motions with different PBRA (the remaining
strong motion characteristics being identical), the normalized curves nearly overlap and the mean
normalized response spectra can be obtained as an arithmetic average of the obtained normalized

Figure 4. Response spectra plots for five typical locations at IIT Guwahati campus corresponding to

varying input motion PBRA (a) 0.02g (b) 0.36g.

Figure 5. (a) Contour map of Peak SA (in g) at IIT Guwahati corresponding to input motion PBRA

0.18g. (b) Distribution of the surface level predominant period at IIT Guwahati campus.
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spectra. The mean normalized curve exhibits a peak normalized spectral acceleration at a particu-
lar time-period that is referred as the predominant period. It is extremely important to know
about the same for an efficient design of structures, wherein it is intended to avoid structures
having their natural time-periods in close proximity to the predominant period of the soil sub-
strata, otherwise which will lead to excessive acceleration and displacement in the structure result-
ing in possible collapse of the same. Figure 5b provides the distribution of the predominant period
at surface level of the soil covers at IIT Guwahati campus site. As mentioned earlier, the predom-
inant period in the campus ranges between 0.15s and 0.65s.

6 CONCLUSIONS

Several important conclusions are inferred from this overall study on nonlinear GRA based on
non-Masing rules conducted at IIT Guwahati. Excitation with low PBRA is found to amplify
for all types of soil profiles at IIT Guwahati. Excitations with high PBRA is amplified for sub-
strata comprising of stiffer layers, while the presence of softer soils at the top or intermediate
layers attenuates the bedrock motion due to larger strain-induced hysteretic damping in the
medium. PGA contour map highlights that the northern and eastern parts of IIT Guwahati will
exhibit significant PGA due to ground shaking of various intensities. These parts of the campus
comprise of stiffer soils and shallow bedrock levels. The predominant period of the substrata in
the campus is estimated to be within the range of 0.15s-0.65s. Most of the buildings in the
campus, having their natural time periods in the range of 0.33s-0.4s, are expected to exhibit
enhanced seismic response, except those located in the south-eastern parts of the campus. Tall
structure residential building (natural period 0.9s) proposed in the Northern part of the campus
is expected to evidence lesser spectral accelerations as the natural period of vibration in the sub-
strata in that region is nearly 0.25s. Based on the present study, it can be stated that the
obtained response parameters will serve as guidelines for the assessment of seismic response of
new structures to be constructed at IIT Guwahati, and would aid in the determination of struc-
tural specifications such as height, lateral dimensions and their natural period.
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