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Abstract An exponential rise in population along with

uncontrolled and unplanned urbanization exposed to

earthquakes reeks a plenitude of hazard in terms of life and

property. Effects, mechanics, and impact of an earthquake

in terms of ground shaking, site effects, liquefaction, and

landslides had been broadly covered in the past, and the

recent developments have catered profound understanding

of earthquakes. Our recent studies on ground motion

attenuation characteristics, comprehensive seismic hazard

analyses, site effects, liquefaction behaviour, seismic

microzonation, ground motion analyses, joint time–fre-

quency analysis-based ground motion synthesis, etc., have

largely contributed to geotechnical earthquake engineering.

Our detailed experimental and numerical works on lique-

faction have improved the understanding of liquefaction of

sands. Installation of ground motion sensors and monitor-

ing of earthquakes have further supplemented geotechnical

earthquake engineering research in the country. Recent

surveys on earthquake preparedness and readiness indices

have pointed out the urgent need for general awareness,

and an action plan towards mitigating and managing the

hazard due to earthquakes. This paper discusses the

Quintessence of 25 years of the author’s contribution to the

field of Geotechnical Earthquake Engineering.
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Introduction

An earthquake is the discharge of energy generally owing

to tectonic plate movements and rupture of rock along

faults. Every year, numerous earthquakes occur around the

world causing large losses in terms of lives and property.

The majority of the damage due to earthquakes is caused

by poorly designed and built structures that have not con-

sidered appropriate seismic forces on the structure due to

potential earthquakes in the region. Even with seismic

design codes and advanced construction practices, recent

earthquakes like the 7.8 magnitude Gorkha earthquake in

2015 have caused large losses to life and property. Fatal-

ities around 9000, injuries above 21,000, and financial

losses of over 10 billion USD was reported due to the

Gorkha earthquake in Nepal [66, 105, 158]. Table 1 pre-

sents the major recent earthquakes in India and adjoining

regions in the past ten years.

The numbers from Table 1 advocate the need to keep

updating the current knowledge and construction practices

to aid in curbing these losses. The knowledge of earth-

quakes, its processes, and dynamics have to be continu-

ously kept in the limelight of research. Further,

construction practices in seismically active areas need to be

revamped with proper codal revisions and provisions, and

strict enactment of these provisions during construction is

necessary [117].

Geotechnical earthquake engineering is a very young

discipline of civil engineering that considers the geotech-

nical aspects of the wider discipline of earthquake engi-

neering. Geotechnical conditions are critical to

understanding the intensity and pattern of damaging

ground shaking at a site. Ground shaking, ground failure

from site instability, soil softening especially liquefaction,

and lateral spreading are significant earthquake hazards
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that affect foundations, retaining structures, and roads.

Geotechnical earthquake engineering is typically con-

cerned with: determining ground motions, analysing effects

of soil and local site conditions, liquefaction and lique-

faction-related evaluations (settlements, lateral spreading

movements, etc.), slope/landslide evaluation, stability of

dams, embankments and dykes, design of earth retaining

structures, deep and shallow foundation analysis, and

underground structures (tunnels, etc.). Numerous aspects of

geotechnical earthquake engineering have been researched

on and significant contributions are continuously being

made by the researchers towards this field to restrain the

loss of lives and property in the future to a large extent.

Thrust areas towards which major contributions have been

made by the author in the past are seismicity analysis,

ground motion prediction equations (GMPEs), determin-

istic and probabilistic approaches in seismic hazard anal-

ysis, Liquefaction susceptibility, site response, and site

characterization, applications of time–frequency analyses

in ground motions, applications of remote sensing in

earthquake engineering, seismic microzonation, slope sta-

bility, and landslide susceptibility, seismic design of

geotechnical structures, vibration isolation, assessment of

dynamic behaviour of rocks and soils, experimental and

numerical studies to understand liquefaction behaviour,

and earthquake preparedness. This paper presents the sci-

entific relevance of these topics in the light of

notable contributions towards them from the author.

Overview of Geotechnical Earthquake
Engineering

Geotechnical earthquake engineering is a very young dis-

cipline that considers the geotechnical aspects of the wider

discipline of earthquake engineering. Geotechnical earth-

quake engineering problems require adequate treatment of

geotechnical aspects of the ground and in particular the

behaviour of soils under earthquake loading. This includes

hazard assessment procedure, evaluation of seismic loads,

site investigations, hazard identification, site and soil

characterization, assessment of local site effects, liquefac-

tion potential evaluation, analyses, interpretation, and

engineering judgement. Consideration of uncertainties in

properties of the ground and also other uncertainties in

earthquake occurrence is critically important throughout

the assessment process. The level of detail and particular

features of the assessment procedure in geotechnical

engineering should be balanced across all phases of the

investigation. They should be appropriate for the scale of

the project, the importance of the facilities planned for the

site, the level of risk associated with the hazard and

potential consequences of failure in terms of loss of life,

economic loss, and impacts on communities.

Geotechnical Earthquake Engineering is an area of

research involving aspects of geology, seismology,

geotechnical engineering, and risk analysis—leading to an

assessment of earthquake hazard and restrain the associated

risks to endurable limits.

Earthquake studies have revealed that the ground motion

intensity is directly related to the type of soil at the site,

along with the subsurface stratification. Structures founded

on rock and firm soil perform well compared to the

structures on soft grounds. Geotechnical aspects like the

surface topography, soil type along with the seismological

aspects like the frequency of incident wave influences the

maximum acceleration experienced on the ground. It was

observed from past studies that soft grounds or deposits

experience higher peak acceleration than the firm ground.

The natural frequency of any soil deposit depends on its

composition, groundwater table level, depth of hard rock

strata, and other geological features. Further, when differ-

ent structures are built on the ground, the soil-structure

system will have a natural frequency which may be dif-

ferent from that of the soil deposit. When the predominant

frequency of an earthquake is close to the natural frequency

of the soil deposit or the soil-structure system, there can be

resonance, even when the event is of short duration. All

Table 1 Major earthquakes in India and adjoining regions in the recent past

Date Location Magnitude Casualties

Jan 3, 2017 Tripura 5.7 11

Jan 4, 2016 Manipur 6.7 211

Oct 26, 2015 Hindukush 7.7 2935

May 12, 2015 Kodari, Nepal 7.3 3800

Apr 25, 2015 Gorkha, Nepal 7.8 30,916

May 1, 2013 Kashmir 5.7 93

Sep 18, 2011 Sikkim 6.9 111
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these aspects need to be considered for mitigation of

earthquake hazards and this demands meticulous research

and development in these areas.

The damages due to earthquakes are primarily due to the

ground shaking and regional subsidence. The most com-

mon secondary effects are soil liquefaction, landslides, and

tsunamis to name a few. The geometry and material

properties of the subsurface soil, its stratification, and the

properties of the bedrock ground motion have a substantial

influence on the site amplification. Further, these local site

conditions will influence the frequency content, duration,

and amplitude of the ground motion. These effects were

witnessed during the infamous Niigata, Mexico, San

Francisco, and Bhuj earthquakes over the years. Though a

considerably new area, substantial advances were made in

the field of Geotechnical Earthquake Engineering in recent

years. Comprehensive research needs to be further carried

out in the areas of liquefaction, ground failure, site

response, and the collapse of geotechnical structures. Liq-

uefaction potential, landslide hazard, site response, and site

amplification are a few geotechnical aspects of earthquake

engineering which requires detailed studies as well. The

aim of research and development in the field of geotech-

nical earthquake engineering should finally aid in the

mitigation of seismic hazards by identification of seismic

vulnerability and risk, better construction guidelines and

town planning, and reliable earthquake preparedness.

A Review of the Geological, Seismological,
and Geotechnical Aspects

Earthquake studies of a region require a basic under-

standing of the geological, seismological, and geotechnical

aspects of the region under consideration. The geometry of

the subsoil structure, the soil types, and the variation of

their properties with depth, the lateral discontinuities, and

the surface topography influence the amplification of

ground motion and hence the intensity of damage during

destructive earthquakes. Site characterization and micro-

zonation studies need to be carried out based on geotech-

nical, geophysical, and seismological inputs. The local

geological conditions have a considerable effect on the

ground motion at a given site. The response of different

soil types differs when subjected to the earthquake ground

motions. Usually, the younger softer soil amplifies ground

motion relative to older compact soils or bedrock. Local

amplification of the ground is often controlled by the soft

surface layer, which leads to the trapping of the seismic

energy, due to the impedance contrast between the soft

surface soils and the underlying bedrock. The natural fre-

quency of each soil layer depends on the physical proper-

ties of soil and the depth to bedrock. For evaluating this,

site response studies are to be carried out. The main aim of

the site response study is to assess the amplification of

ground motion and determination of the natural resonance

frequency of the soil.

Several inputs regarding seismicity, geology, and

geotechnical characteristics are needed for carrying out a

detailed earthquake hazard assessment and zonation of an

area [37]. Generally, a seismic study area extending up to

300 km from the boundary of the study area is considered

for assessing the hazard at a site. However, if there are any

seismic sources which can create a very large earthquake

(mega-earthquake), this distance should be increased. The

details of the seismic events and the seismic sources need

to be identified from this region. The initial estimates of

bedrock motions are obtained at the bedrock level using

deterministic or probabilistic methods.

The influence of local soil conditions and topography on

the earthquake motions need to be analysed to estimate the

surface-level ground motions. As the first step for this, the

topography (e.g. valley, basin, ridge effects, etc.), and

subsurface geomorphology (bedrock depth and geometry

of subsurface soil layers) of the region from the geotech-

nical and geophysical tests, along with water table condi-

tions need to be established. The topography of both the

bedrock and the deposited soils has various effects on the

incoming seismic waves, such as reflection, refraction,

focusing, and scattering. The required soil properties for

site characterization are obtained from either geotechnical

tests and/or geophysical tests. Broadly, site investigation

required consists of arriving at the surface mapping (like

local topography, unstable slopes, faults, and floodplains)

of the site/region and planning and execution of subsurface

investigations. Soil topography needs to be ascertained and

the local site effects need to be calculated by considering

the topographical effects. The local site effects can be

estimated based on the available geotechnical data. If the

data available is less, then the assessment can be done

using empirical relations.

For assessing the geotechnical data, inputs from field

tests like SPT, CPT, MASW, or SASW, and laboratory

tests to ascertain the strain-dependent modulus and damp-

ing parameters of the soil can be obtained. A list of

geotechnical field and laboratory tests to obtain soil

parameters are listed in Tables 2 and 3. From these test

results, the site characterization as per the National

Earthquake Hazards Reduction Program (NEHRP) [74] or

Eurocode 8 can be carried out to get the amplification

factors using which the hazard can be brought to the

ground level. The NEHRP site classes are presented in

Table 4.

Further site assessments comprising liquefaction poten-

tial and design response spectra are based on the site

response and surface ground motions. Geotechnical and
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geological or geomorphological information becomes

invaluable in the evaluation of hazards at the ground sur-

face, local site effects, and liquefaction. More accurate the

exploration, the greater freedom the planner will have as

this will provide a more accurate estimate of hazards. One

of the most difficult and controversial aspects of any

geotechnical/geophysical investigation is deciding the

depth of exploration to be envisaged. This is mostly an art

or at best an inexact science. Adverse geology might

require more investigations than the average. The investi-

gation spans over several square kilometres to several

hundreds of square kilometres. Hence, careful planning of

testing program is very essential, to obtain representative

site characterization with the minimum number of tests.

These data will be of very high importance in evaluating

the induced earthquake effects such as site amplification,

local site effects, liquefaction susceptibility, and slope

stability. The smaller the grid size adopted in a study, the

higher will be the accuracy in evaluating the hazard. But

this will increase the cost and the manpower requirement

for field testing, data collection, and analysis. The accuracy

and level of zonation depend mainly on the available

database and the quality of the zonation map required. The

geotechnical engineer involved should have a reliable

judgement on optimizing the extent of these investigations.

Seismicity and Seismic Hazard Analysis

Seismic Hazard Analysis (SHA) essentially estimates the

anticipated extent of ground shaking at a particular site

during an event, by taking into account the seismic activity

of the site and its surroundings. The level of ground

shaking is quantified in terms of Peak Ground Acceleration

Table 2 List of field and laboratory geotechnical tests

Field tests Laboratory tests

Standard penetration test (SPT) Grain size analysis—sieve and hydrometer test

Cone penetration test (CPT)—static and

dynamic

Atterberg limits—liquid limit, plastic limit and shrinkage limit tests

Seismic cone penetration test (SCPT) Natural water content, density, specific gravity tests

Dilatometer test Permeability tests

Pressuremeter test Strength Tests—unconfined compressive strength test, direct shear test, triaxial compression

tests

Field vane shear test Consolidation test

Spectral analysis of surface wave (SASW) Point load strength index

Multichannel analysis of surface wave

(MASW)

Dynamic modulus, modulus of elasticity and Poisson’s ratio tests

Table 3 List of field and laboratory geotechnical tests for dynamic

properties of soil

Field tests Laboratory tests

Seismic reflection and refraction

tests

Resonant column test

Suspension logging test Bender element test

Seismic cross-hole test Cyclic triaxial tests

Down-hole and up-hole tests Cyclic direct simple shear Test

Steady-state vibration test

MASW and SASW tests

Table 4 Soil profile type classification for seismic amplification

Soil class General description Average Vs30 (m/s)

A Hard rock [ 1500

B Rock 760\Vs C 1500

C Very dense soil and soft rock 360\Vs C 760

D Stiff soil 15 C N C 50 or 50 kPa C Su C 100 kPa 180 C Vs C 360

E Soil or any profile with more than 3 m of soft clay defined as soil with PI[ 20, w[ 40%, and Su\ 25 kPa. C 180

F Soils requiring site-specific evaluations

Vs30 Shear wave velocity of top 30 m soil; N SPT blow count; Su Undrained shear strength; PI Plasticity index; w water content
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(PGA), Peak Ground Velocity (PGV), Peak Ground Dis-

placement (PGD), and Spectral Acceleration (SA). Based

on these quantified levels of ground shaking, design and

construction practices are to be defined for the particular

site to ensure a seismically safe structure. Rehabilitation

and retrofitting of existing structures are also to be carried

out based on these seismic hazard studies and estimated

levels of ground shaking. Two SHA techniques in practice

are Deterministic Seismic Hazard Analysis (DSHA) and

Probabilistic Seismic Hazard Analysis (PSHA). DSHA

considers the geology, tectonics, and past seismic record of

the region, regardless of when the event might occur and

estimates a conservative result for the closest and worst-

case scenario earthquake possible in the region. DSHA is

less complex than PSHA as it does not consider the major

uncertainties associated with SHA, the location, and the

size of the earthquake event [27, 40, 55, 90]. It is based on

the Maximum Credible Earthquake (MCE) possible in the

region closest to the site, which is basically the greatest

earthquake the sources in the region can produce, which

can be realistic or anticipated [2, 5, 36, 59]. Due to this

reason, the ground motion estimated will be rather con-

servative and the design based on the same, uneconomical.

However, DSHA is adopted for preliminary analysis and

design of critical structures like nuclear power plants,

dams, etc. [24–26, 31, 39, 42, 64]. However, considering

the uncertainties and probability of the size and location of

the earthquake makes the SHA more complex. This is done

in PSHA, where the influence of all events occurring at a

source is considered, as opposed to just the MCE in the

case of DSHA [30, 128]. Furthermore, the seismic char-

acterization of seismic sources in the region and the

recurrence rate is also to be evaluated. The mean annual

rate of exceedance of ground motion considering the

uncertainties in location and size of earthquake and atten-

uation equation is determined in PSHA [14, 29, 53, 58, 65].

As PSHA deals with numerous uncertainties, it is usually

adopted in the design and planning of non-critical

structures.

A complete and consistent catalog of earthquakes in a

region can offer good data for studying the distribution of

earthquakes in a region with respect to space, time, and

magnitude. Using this complete catalogue, the spatial

variation of Gutenberg Richter seismicity parameters a and

b can be identified, which can be a major input in proba-

bilistic hazard assessment studies. The parameter a and

b depict the productivity of a volume and slope of the

Frequency-Magnitude Distribution (FMD), respectively,

which represents the seismic activity and relative size

distribution of earthquake events in the region [41]. Map-

ping the spatial distribution of these parameters can be used

to express the seismotectonics and earthquake size distri-

bution of the region and large variations in these

parameters represent the heterogeneity of the region in all

aspects [126]. Kolathayar et al. [52] quantified the vari-

ability in the seismic activity rates across the whole of

India and adjoining areas using historical and instrumental

earthquake databases compiled from various sources. A list

of 203,448 earthquakes (including aftershocks and fore-

shocks) occurred in the region covering the period from

250 BC to 2010 AD was compiled, declustered, and

homogenized using regional magnitude conversion rela-

tions. Using this database, the spatial variation of the

seismicity parameters of the country was estimated and

reported. Figure 1 shows the spatial variation of a value

from a declustered catalog considering events within a

radius of 300 km from the center of each grid point.

Identification and characterization of seismic sources are

essential inputs for SHA. A complete and consistent cata-

log of earthquakes in a region can offer good data for

studying the distribution of earthquakes with respect to

space, time, and magnitude. The tectonic framework of

seismically active regions can be complex and vary spa-

tially. This necessitates identifying different regions of

similar seismicity [127]. An updated earthquake catalog

that is uniform in moment magnitude for India and the

adjoining area for the period from 250 BC until 2010 was

developed by Kolathayar and Sitharam [52]. Region-

specific magnitude scaling relations for the country and

adjoining areas were developed, which facilitated the

generation of a homogenous earthquake catalog for the

region. Using this catalog, the completeness of the data was

estimated, using which the Gutenberg–Richter seismicity

parameters were calculated. Based on the event distribution

Fig. 1 Spatial variation of a value in and around India [52]
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and the seismicity parameters a and b, the whole area was

delineated into 104 regional seismic source zones as shown

in Fig. 2. Further, a separate catalog for each of these zones

was developed and seismicity analysis for each zone was

performed after estimating the cut-off magnitude. The

coordinates of these source zones and the estimated seis-

micity parameters a, b, and Mmax could be directly

inputted into probabilistic seismic hazard analysis.

In a recent study by Monalisha and Sitharam [72], a

focussed attempt was made to assess the seismic hazard

parameters (a, b and Mc) and their spatial variation in

western Himalaya, central Himalaya, and Indo Gangetic

plain areas—one of the most seismically active regions in

the country. Using the maximum likelihood estimation

method, the spatial variation of seismicity parameters was

analysed for the complete catalogue period, after dividing

the whole region into small grids of 0.5� 9 0.5�. Large

variation of the seismicity parameters was observed from

the west to the eastern Himalayas and based on the same,

the region was divided into 5 regional source zones as

shown in Fig. 3.

Extensive studies have been made in SHA in the past by

the author and the works are summarized under two further

sections DSHA and PSHA as following.

Deterministic Seismic Hazard Analysis

The ground motion for design at a location can be esti-

mated by carrying out SHA using deterministic and

probabilistic approaches. Deterministic Seismic Hazard

Analysis (DSHA) can be carried out using the declustered

homogenized earthquake data, suitable GMPEs, and apt

selection of source models. It is a rather straight forward

approach using the seismic activity and geologic setting of

the site to identify the largest earthquake each source can

produce, irrespective of time. This largest possible earth-

quake-related to a source from the history or assumed

tectonic action is called the Maximum Credible Earthquake

(MCE). This approach provides the most critical earth-

quake scenario, considering the magnitudes of the events

from various sources like point and linear sources within a

selected buffer area from the regions under study. The

chance of occurrence of a particular event within the

expected lifespan of the structure is not considered here,

making the results conservative and the design uneco-

nomical [5, 51, 136]. Also, the location and magnitude

uncertainties involved with an event are not considered in

DSHA. This can be addressed using the Probabilistic

hazard analysis. However, the results obtained from DSHA

are used for important structures like nuclear reactors,

dams, coastal reservoirs, major bridges, tunnels, etc. The

idea of DSHA can be represented in four major steps, like

identification of sources, estimation of shortest distance

from the source to site, estimation of PGA using GMPEs

for each identified source, and determination of hazard

corresponding to the maximum level of ground motion

estimated from the previous step.

Sitharam et al. [130] adopted DSHA for estimating the

Peak Horizontal Acceleration (PHA) of Bangalore City.

For identifying the faults, lineaments, and shear zones in

Fig. 2 Identified regional seismic source zones in and around India

[52]

Fig. 3 Variation of seismicity parameter a and delineation of seismic

source zones for Himalayas [72]
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and around the study region, remote sensing data were used

and interpreted by Sitharam et al. [131] and Sitharam et al.

[133]. In these studies, DSHA was carried out by consid-

ering the historic earthquake, assumed subsurface fault

length, and point source synthetic ground motion genera-

tion models. Remote sensing data were used to identify the

linear sources within the buffer area around the study

region. The Mandya–Channapatna–Bangalore lineament

was identified as a vulnerable source for Bangalore and

PHA was estimated considering the MCE in the region

using regional GMPEs and was found to be 0.15 g. Further,

SMSIM-FORTRAN programs were used to simulate

ground motions for estimating the PHA and PHA of 0.146

was estimated in the Bangalore City. The study recom-

mended that the city is a seismically moderately active

region. As part of this work in the year 2005, five strong-

motion accelerographs and two borehole sensors have been

installed at different locations in Bangalore. The rock level

PHA in these studies had been calculated using the rock

depth information from geotechnical data from a total of

653 boreholes. The methodology and PHA estimated in

these studies had been used as the basis for further

advanced studies on-site effects and microzonation by

Sitharam and Anbazhagan [112], Anbazhagan and

Sitharam [3], Sitharam and Anbazhagan [113], Sitharam

et al. [138], and Anbazhagan et al. [14], which will be

further discussed in upcoming sections.

Kolathayar [140], carried out a comprehensive seismic

hazard analysis of India and its adjoining regions. DSHA

and subsequent macrozonation of the region were reported

considering linear and point source models. The homoge-

nized, declustered earthquake catalog developed in the

previous studies [52, 56] was used for generating the point

sources. The linear sources were identified from SEISAT

2000. Three GMPEs each for 4 major tectonic provinces,

shield region, active tectonic region, subduction intraslab

region, and subduction interface region were used within a

logic tree framework to address the epistemic uncertainties

in hazard estimation. Bedrock level deterministic hazard

maps for Peak Ground Acceleration (PGA) and Peak

Spectral Acceleration (PSA) at 0.1 s were generated for

maximum magnitude earthquakes estimated using various

methods using various GMPEs for different tectonic pro-

vinces with and without using the logic tree approach and

compared [55]. Figure 4 shows the reported spatial varia-

tion of bedrock level PGA in and around India.

Later, this study was advanced by estimating the sur-

face-level PGA values from the bedrock level PGA esti-

mated earlier by Sitharam et al. 2010 [134], based on four

different site classes suggested by NEHRP [74]. The PGA

values at ground level were estimated for all the four site

classes and hazard maps developed based on a nonlinear

site amplification technique considering the site effects.

These studies showed that the seismic hazard is moderate

in peninsular shield (except Kutch region of Gujarat), but

the hazard in the north and northeast India and Andaman–

Nicobar region is very high. The PHA values obtained in

this study for most parts of the country are higher than what

is specified by BIS-1893:2002.

Sitharam et al. [125] and Sitharam et al. [119] presented

a deterministic and probabilistic seismic hazard map of the

Indian state of Karnataka and developed response spectra

and hazard curves for the major cities in Karnataka. Apart

from referring to seismotectonic atlas (SEISAT 2000) for

identifying faults and fractures, major lineaments in the

study area were also mapped using satellite data. An

updated declustered and homogenized earthquake cata-

logue was compiled and, considering point sources and

linear sources, DSHA was carried out using three different

GMPEs in a logic tree framework. The hazard map

developed is shown in Fig. 5. Higher PGA values, in the

range of 0.3–0.4 g was observed for some regions in north

Karnataka, which is much higher than the values predicted

in past studies. The analysis also showed moderate to high

hazard values in the southern Konkan coast and low hazard

value for interior regions of Karnataka.

Based on the bedrock level PGA estimated for Kar-

nataka, the surface-level PGA was further estimated con-

sidering site effects, for four different site classes suggested

by NEHRP. The PGA values at ground level were esti-

mated for all the four site classes and hazard maps were

developed based on a nonlinear site amplification tech-

nique [69]. James and Sitharam [47] further carried out

micro and macro zonation for different regions in

Fig. 4 Spatial variation of bedrock level PGA in and around India

[56]
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peninsular India; micro zonation for a nuclear power plant

site at Kalpakkam and macrozonation of the whole state of

Karnataka, considering various parameters like seismic

hazard and liquefaction potential. Digital Elevation Models

(DEMs) were used for site characterization based on

topographic slopes and NEHRP amplification factors were

used to estimate the ground-level PGA from the bedrock

level PGA.

Vipin and Sitharam [149] using a similar methodology,

reported the DSHA-based PHA and SA hazard maps for

peninsular India using a logic tree approach to address the

epistemic uncertainties in the evaluation of hazard. Three

GMPEs and two source models, linear and point were

considered for the study, and bedrock level PHA and SA

for 1 Hz and 10 Hz for both source models were estimated

after dividing the whole region into grids of size

0.1� 9 0.1�. In this study, to account for the uncertainty in

SA prediction, the 84th percentile was considered. The

PHA and SA values for the study area were calculated in

this study for both the mean and 84th percentile. Using the

nonlinear amplification technique based on soil types as

reported in the previous studies, this bedrock level hazard

was brought to the ground surface and reported as well.

Further, the response spectra for major south Indian cities

were also presented. Figure 6 represents the mean bedrock

level PHA estimated from both source models. The results

showed the highest values of 0.5 g around the Mumbai-

Koyna region.

Kumar [1] carried out a detailed seismic assessment and

microzonation including field studies for the city of Luc-

know. A buffer area of 300 km was considered around the

study region and seismic sources—linear and point sources

within the buffer region were considered for DSHA. Three

different GMPEs including a region-specific GMPE was

used by assigning them different weights for PGA esti-

mation. Different focal depths were considered for events

above and below moment magnitude (Mw) 7 in the study

and the whole area was divided into grids of size

0.015� 9 0.015� for PGA estimation. The bedrock level

DSHA map of Lucknow city centre and the DSHA-based

response spectra were also developed in this study. Further,

PSHA hazard maps and hazard curves for the region was

also developed and presented in this study, which will be

elaborated in later sections. Figure 7 shows the DSHA map

for Lucknow.

Northeast India is one of the most seismically active

regions in the world with yearly more than seven earth-

quakes of magnitude 5.0 and above on average. Consid-

ering the high seismicity, a comprehensive Seismic Hazard

Assessment of two north east Indian states, Tripura and

Mizoram, along with microzonation of Agartala and

Aizawl cities was carried out by Sil [19]. Sitharam and Sil

[104] reported a deterministic and probabilistic SHA at

bedrock level for Tripura and Mizoram. An earthquake

catalogue from 1731 to 2011 was used in the analysis and

based on the seismicity, tectonic features, and fault rupture

mechanism, this region was divided into six major sub-

zones. Two different GMPEs were validated using

observed PGA from an actual recorded event and used in

the hazard assessment. The maximum magnitude was

Fig. 5 DSHA map showing bedrock level PGA for Karnataka [119]

Fig. 6 Spatial variation of mean bedrock level PHA(g) values for

South India [149]
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estimated using different approaches and assigned to each

linear sources, using which DSHA was then carried out. In

DSHA, the higher PGA values were observed towards the

north of Tripura having PGA 0.39–0.53 g in N–W direc-

tion; whereas lowest hazard ranges were found in the south

part of Tripura having PGA 0.04–0.11 g as shown in

Fig. 8.

Probabilistic Seismic Hazard Analysis

The major uncertainties associated with SHA are the

location and size of the earthquake event, which makes the

analysis more complicated. DSHA does not consider these

uncertainties and is comparatively simpler and a conser-

vative approach to SHA. Probabilistic Seismic Hazard

Analysis (PSHA) addresses these issues and paves the way

to consider these uncertainties by ascertaining, relating,

and merging them and providing a comprehensive repre-

sentation of the truly complex seismic hazard

[53, 58, 62, 147]. PSHA combines the effect of earthquake

possibility at any location along with a source, covering the

uncertainties in the location of the event, event magnitude,

source to site distance, and GMPEs, as opposed to the

minimum distance to maximum magnitude event in DSHA.

As PSHA deals with numerous uncertainties, it is usually

adopted in the design and planning of non-critical struc-

tures. The probabilistic hazard estimation is carried out

assuming that the occurrence of an event in a seismic

source is expected to have a Poisson distribution. A simple

representation of the idea of PSHA can be explained as

four major steps like identification of sources, estimating

the seismicity parameters considering the recurrence rela-

tion for each source, addressing the uncertainty in GMPE,

and estimating the PGA for each source.

Various methodologies for PSHA had been attempted

by the author in the past, using different source models

[55, 114]. Different source models like linear sources, areal

sources, and zone-less approach had been attempted. Sev-

eral PSHA studies have been carried out in the past, cov-

ering most of the Indian subcontinent and the major cities.

Major findings from those studies are discussed here.

A PSHA of Bangalore, south India, was carried out by

Anbazhagan et al. [11] considering sources and earthquake

events within a source zone of 350 km around Bangalore,

and the seismicity parameters were estimated using

Gutenberg Richter relationship using a complete event

catalogue. b values up to 0.98 were observed in the region,

which was higher than what was reported in the previous

studies [18]. For a grid size of 0.5� 9 0.5� and considering

six seismogenic sources, the mean annual rate of excee-

dance and cumulative probability hazard curve for PGA

and SA was developed along with a PGA hazard contour

for 10% Probability of Exceedance (POE) in 50 years and

was presented. Further, Uniform Hazard Response Spec-

trum (UHRS) with 5% damping for Bangalore was also

generated for a 10% probability of exceedance in 50 years

for bedrock condition. Bedrock level PGA of 0.17–0.25 g

was obtained for 10% POE in 50 years while carrying out

PSHA using the region-specific GMPE by Raghukanth and

Iyengar [159], which was higher than the values reported

by other researchers in the past. The hazard contour for

Bangalore obtained is presented in Fig. 9.

Based on the above work PSHA was further reported

with an emphasis on the local site conditions by

Anbazhagan et al. [4]. From the extensive Multichannel

Fig. 7 DSHA map of Lucknow urban centre [61]

Fig. 8 DSHA map of Tripura and Mizoram states [104]
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Analysis of Surface Waves (MASW) field tests carried out,

the study area was generally classified as NEHRP class D,

based on which hazard curves of the mean annual rate of

exceedance for peak ground acceleration and spectral

acceleration have been generated. Considering local site

effects, the UHRS with 5% damping for Bangalore was

generated for a 10% probability of exceedance in 50 years

for bedrock condition. The peak ground acceleration

(PGA) value of 0.121 g at the bedrock level and value of

0.35 g considering the local site condition for the Banga-

lore region was observed. This work was later extended

considering specific site classes of the city, ranging from

NEHRP site classes B, C, and D, and the mean annual rate

of exceedance and cumulative probability hazard curve for

SA was presented by Anbazhagan et al. [15] and

Anbazhagan et al. [17]. The quantified hazard values in

terms of SA for short period and long period were mapped

for rock, site class C, and D with a 10% probability of

exceedance in 50 years, along with a 5% damped surface-

level UHRS which is represented in Fig. 10. These spectral

acceleration and uniform hazard spectrums could be used

to assess the design force for important structures and also

to develop the design spectrum for the city. To address the

epistemic uncertainties in hazard estimation, the above

study was approached using a logic tree approach later by

Sitharam and Vipin [106]. Different methods of site clas-

sifications were also reviewed in this study and the local

site effects were considered. The surface-level PGA and

UHRS were developed for four different site classes for the

city of Bangalore.

Vipin [51] carried out extensive studies on SHA using

both approaches for peninsular India. Vipin et al. [150]

presented a PSHA of peninsular India using the above

methodology using a region-specific GMPE by Raghu-

kanth and Iyengar [159]. A complete, declustered, and

homogeneous earthquake catalogue was prepared and a

seismotectonic map was developed considering all linear

sources within a buffer area of 300 km radius. The study

area was divided into grids of 1� 9 1� and the seismicity

parameters. Rock level PHA and SA values at 1 s corre-

sponding to 10% and 2% POE in 50 years were estimated

for all these grid points. 5% damped UHRS at rock level

for 10% and 2% POE in 50 years for different South Indian

cities were also presented. Considering four different site

classes, surface-level PGA was also calculated for entire

South India, using which the PGA values at any site in

South India based on site class could be estimated. The

rock level PGA obtained is represented in Fig. 11.

Later, a logic tree approach to the above problem of

PSHA of peninsular India was adopted by Sitharam and

Vipin [107], considering two source models, linear and

areal, and considering three different GMPEs to address the

uncertainties in the usage of a single GMPE. Spatial vari-

ation of the seismicity parameters was reported and the

region was divided into 5 source zones using which PSHA

was carried out within the logic tree framework shown in

Fig. 12a. Rock level PHA and short and long period SA

were reported for 10% POE in 50 years, along with the

rock level UHRS for major south Indian cities, as shown in

Fig. 12b. Another attempt on the PSHA of peninsular India

was carried out using a different logic tree approach by

Vipin and Sitharam [147]. Two different types of seismic

sources, linear and areal, were considered in the study to

model the seismic sources in the region more precisely. To

appropriately account for the attenuation characteristics of

the region, three different attenuation relations were used

with different weightage factors. The whole area was

divided into five seismogenic source zones based on their

GR seismicity parameters. In the logic tree, the hazard was

estimated using three GMPEs considering these five source

zones (with weightage 0.6) and considering the whole

region as a single zone (with weightage 0.4), and taking

into consideration two different source models, linear and

areal. Bedrock level PGA, SA for 1 Hz and 10 Hz, were

reported for 2% and 10% POE in 50 years. Considering

different site classes (A–D), the bedrock level PGA esti-

mated was brought to the surface level and reported for

both the POE considered. Further, UHRS for cities like

Mumbai and Chennai were developed and presented.

Using a similar approach using a logic tree, considering

two source models, two approaches for maximum magni-

tude estimation, and three GMPEs, the PSHA of the south

Indian state of Kerala was carried out by Kolathayar and

Sitharam [54]. Bedrock level PGA for return periods of

2475 years and 475 years and SA for short and long
Fig. 9 Rock level PGA contours for 10% POE in 50 years for

Bangalore [3]
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periods for 10% POE in 50 years have been reported. The

study reported low seismicity in this stable peninsular

region, though with PHA up to 0.1 g for 10% POE around

the south and central Kerala.

A comprehensive PSHA of the Andaman and Nicobar

region of India had been attempted by Kolathayar and

Sitharam [53]. An elaborate logic tree approach was con-

sidered in this study, to explicitly account for epistemic

uncertainty by considering alternative models (source

models, maximum magnitude, and attenuation relation-

ships as shown in Fig. 13a. Three different GMPEs, two

different approaches to estimate the maximum magnitude,

and three different source models like linear sources,

gridded seismicity models, and areal sources were con-

sidered in this study. Using a complete earthquake cata-

logue, the seismicity of the region was defined using the

GR parameters and was delineated into 11 seismic source

zones. PSHA was then carried out to estimate the bedrock

level PGA and SA for 0.1 s and 1 s for both 2% and 10%

POE in 50 years. Figure 13b represents the hazard contours

representing the bedrock level PHA up to 0.3 g, for 10%

POE in 50 years.

Fig. 10 5% damped UHRS for

bedrock, Site C and Site D with

10% probability of exceedance

in 50 years for Bangalore [17]

Fig. 11 Rock level PHA(g) for

10% POE in 50 years [150]
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Sitharam and Kolathayar [115] attempted a PSHA of

India and adjacent regions [140] considering areal sources

and four different GMPEs by dividing the country into

three broad tectonic provinces, Tectonically active shallow

crustal region, subduction zones and the stable continental

region. Regional seismic source zones delineated in

Kolathayar and Sitharam [52] represented in Fig. 3 were

used for PSHA. The study area was divided into small grids

of size 0.1� by 0.1� and the PHA and SA for periods 0.1 s

and 1 s were estimated and contour maps showing the

spatial variation of the same were presented for 2% and

10% POE in 50 years. PGA values around 0.75 g were

detected in the Himalayan region for a return period of

Fig. 12 a Logic Tree Framework adopted. b UHRS for important cities of South India for 10% POE in 50 years [107]

Fig. 13 a Logic tree approach used in the study. b Hazard map for bedrock level PHA for 10% POE in 50 years [53]
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2475 years. Figure 14 represents the bedrock level PHA

estimated for 2% POE in 50 years in the study.

As a continuation of the studies on SHA of North-East

states of Tripura and Mizoram by Sil [19], PSHA of the

regions were also presented by Sil et al. [96]. A buffer area

of 500 km around the study area was considered and an

earthquake catalogue of events between 1731 to 2010 was

developed, homogenized, and declustered. Based on the

GR parameters, the area was divided into six seismogenic

sources and two GMPEs applicable for subduction zones

were adopted. The maximum magnitude for each of the

identified linear sources was estimated and was used for

PSHA. Hazard curves were developed and bedrock level

UHRS for 2% and 10% POE in 50 in years for the capital

cities of these states, Agartala and Aizawal was reported

along with the spatial variation of rock level PGA. PGA up

to 0.2 g was reported for Agartala and 0.17 was reported

for Aizawal cities which were comparable to past studies

for the region. Bedrock level PGA of the region and UHRS

of Agartala city estimated in the study are shown in

Fig. 15a, b, respectively.

Based on the experiences from PSHA and applications

of the logic tree, Sitharam et al. [135] carried out a com-

prehensive PSHA of India using the extensive logic tree

approach as shown in Fig. 13a [53] and seismic source

zones as shown in Fig. 3, [52] and bedrock level PHA was

estimated for India. In this study, site characterization of

the whole country was carried out based on shear wave

velocity and site classes as per NEHRP, based on the slope

maps developed using the DEM obtained from remote

sensing data, based on past correlations. Using this method

considering ground slope as a proxy to site class, the

bedrock level PHA was brought to the ground surface, and

spatial distribution of PHA was presented. The surface-

level PHA for India for a return period of 475 years

obtained in this study is presented in Fig. 16.

Monalisha [67] carried out a comprehensive SHA of

North India considering local site effects. As a part of this,

Monalisha et al. [73] presented an SHA of the Uttarakhand

state of India, which is a highly populated state that lies at

the foothills of the North Himalayas. An updated, com-

plete, homogenized, and declustered earthquake catalogue

was used for the analysis considering two source models

and three GMPEs in a logic tree framework. The study

region was divided into grids of size 0.1�x0.1� and the

bedrock level PGA, and SA for 0.1 s and 1 s were esti-

mated for POE of 2% and 10% for a period of 50 years. For

2% POE, PGA up to 0.55 g, and for 10% POE, up to 0.35 g

was estimated at the bedrock level, whereas considering the

IS codal provisions, a Zone factor of 0.12 to 0.18 are

recommended for the region. Using DEM and slope map as

a proxy for site class, the bedrock level PGA was brought

to the ground surface for four site classes A to D, as dis-

cussed earlier using data obtained from Remote Sensing

SRTM images. The surface-level PGA was observed to be

most amplified for site class A and least for class D. Fig-

ure 17 shows the SA estimated for 2% POE in 50 years for

period 0.1 s.

Sil et al. [97] assessed various probabilistic models for

forecasting earthquakes in India’s most seismically active

region—the Northeast. Using an updated earthquake cata-

logue, the probability of occurrence of an earthquake of

Mw[ 6 in this region was examined. Based on the dif-

ferent tectonic features and seismogenic factors, the cata-

log was divided into six different seismic regions, and

using three different models, Weibull, Lognormal and

Gamma distribution models, the probability of occurrence

was projected. The logarithmic probability of the likeli-

hood function for all six seismic regions and the entire

northeast for all three stochastic models was estimated,

where, a large likelihood function represents a better model

and vice versa. It was observed that for forecasting mag-

nitude size, lognormal was the most suited for most of the

sources; however, different models are suited for different

seismic zones. The Weibull, Gamma, and Lognormal

models showed the highest, intermediate, and lowest con-

ditional probabilities among the models. It was concluded

from the study that the Indo-Burma Range and Eastern

Himalaya had a high probability of occurrence in the 5 yr

period 2012–2017 with[ 90% probability. Looking back

now, there was an Mw 6.7 earthquake in Imphal, Manipur,

Northeast India on 4th January 2016, and it was felt in

Burma and Bangladesh as well. There was also another

event on 3rd January 2017 of Mw 5.7 which hit Tripura in

North East India.

Fig. 14 Bedrock level PHA estimated for 2% POE in 50 years [115]
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Ramkrishnan et al. [85] developed a combined map of

Land Use and probabilistic seismic hazard for the devel-

oping city of Mangalore in south Karnataka, India. The

remote sensing techniques were applied to estimate the

land use dynamics of the region and the rise in uncontrolled

urbanization and reduction in open spaces and green pat-

ches were reported. A PSHA map was generated consid-

ering two source models—point and gridded seismicity

models, considering a buffer area of 300 km around

Mangalore and using three different GMPEs. The highest

PGA estimated off the three GMPEs were reported and the

hazard contours were overlain on the land use map to

obtain the combined land-use-PSHA map as shown in

Fig. 18. It could be observed from the figure that the most

urbanized regions had PGA varying from 0.0498 to

0.1087 g, which puts them at high risk, considering the

level of urbanization and a large number of tall and old

structures in the city. This method helps to visually identify

highly urbanized regions along with the spatial distribution

of PGA, thereby enabling to judge the seismically risky

areas in the study region.

Deterministic and Probabilistic hazard analysis of the

whole country had been carried out considering numerous

source models and GMPEs. Uncertainties in GMPEs,

location, and hypocentral distance have been considered in

the probabilistic approaches and epistemic uncertainties

have been addressed using logic tree approaches in most of

Fig. 15 a Bedrock level PGA for 2% POE in 50 years. b UHRS for Agartala City for different return periods [96]

Fig. 16 Surface-level PHA for India corresponding to 10% POE in

50 years [135]

Fig. 17 SA estimated for Uttarakhand for 2% POE in 50 years for

period 0.1 s [73]
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the studies. SHA for the whole country and south India

have been done on a macro-level based on the amplifica-

tion factors estimated based on ground gradient, surface-

level PGA was also estimated and reported. SHA of major

and vulnerable cities like Lucknow, Agartala, Bangalore,

and Mangalore, and states like Karnataka, Tripura, Mizo-

ram, Uttarakhand, etc., have been covered using deter-

ministic and probabilistic approaches, considering various

uncertainties. UHRS has further been developed for highly

hazard prone cities like Agartala, and highly populated

major south Indian cities like Mumbai, Bangalore, Chen-

nai, etc.

Ground Motion Prediction Equations

Ground Motion Prediction Equations (GMPEs) or Attenu-

ation relations are empirical equations to estimate the level

of ground movement during an earthquake event at a par-

ticular site, considering the influential source and event

parameters. The parameters which influence the level of

ground shaking at a site are the event mechanism, site

characteristics at the source, properties of the propagation

path, and the local soil or site geology which further affects

the wave attenuation or amplification. Simple forms of

GMPEs usually contain the ground motion parameters as a

function of magnitude and distance, and more advanced

GMPEs developed using extensive recorded and site data

have further parameters like local site characteristics, fault

and rupture characteristics, etc. Most of the regional

GMPEs developed for the Indian subcontinent are of

simple forms due to severe constraints in lack of reliable

Fig. 18 Seismic Contour Map

for Mangalore with Land Use

Analysis [85]
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data, and developed countries with well-defined and dis-

persed strong-motion recording network have more com-

plex GMPE with site characteristics and rupture

characteristics, recent ones being called the Next Genera-

tion Attenuation (NGA) relations [160–162]. They are one

of the most important inputs in Seismic Hazard Analysis

(SHA) to estimate the ground motions at both surface and

bedrock levels. Region-specific GMPEs are generally

derived using the recorded strong motion data available for

that region. A serious lack of recorded strong motion data

in India has largely restrained the number of available

region-specific GMPEs. Due to the very limited data, the

previously available GMPEs for the Indian subcontinent

have either serious distance or magnitude limitations.

Recorded ground motion data along with a set of sim-

ulated synthetic data was used by Anbazhagan et al. [7].

The new GMPE was developed based on a well-established

regression model for the Himalayan region. A combined

dataset of actual and simulated ground motion data, based

on the concept of apparent stations at an equal interval of

10 km was generated. One serious limitation of the already

limited Indian recorded strong motion data, large gaps in

the dataset pertaining to magnitude vs hypocentral distance

was addressed by simulating earthquake motions using

FINSIM using the apparent stations concept. This helped to

fix the gap in the hypocentral distance and could simulate a

good distribution of PGA values along a continuous

hypocentral range. A combined dataset of 14 earthquake

events with 30 recording stations at an interval of 10 km

was generated with a total of 420 data with a moment

magnitude range of 5.3–8.7 up to a hypocentral distance of

300 km for GMPE development. Using multi-step regres-

sion analysis, a decay parameter was estimated and was

used to generate a new region-specific GMPE for the area.

New regression parameters were then estimated for the

well-established GMPE model to obtain the new GMPE

with a larger database. The new GMPE was validated using

recorded ground motions which were not used in the

regression process. Figure 19 presents the comparison of

PGA predicted by various GMPEs with the recorded PGA

during the 2011 Nepal–India earthquake.

An attempt was made by Ramkrishnan et al. [81] to

develop new GMPEs specifically for shallow crustal and

deep-seated earthquakes in the North East subduction zone

of the Himalayas using recorded time histories from the

Shillong array. Linear regression analysis was performed

on the compiled dataset of shallow and deep earthquakes

separately, to attain a decay parameter, after which a

nonlinear regression model was assumed for developing

the new attenuation relations. The ability of the newly

developed GMPEs to predict actual recorded data was

compared with other relations available in the literature,

and it was found that the new GMPEs could predict the

values very closely and better than the old GMPEs. The

availability of a larger dataset made it possible to provide

more realistic and reliable statistical parameters for

developing the new region-specific attenuation relations.

Drawbacks of using synthetic ground motions in the

development of GMPEs were identified in later studies and

new GMPEs for the North and Central Himalayas was

presented by Ramkrishnan et al. [83]. A total of 33 earth-

quakes and 278 recorded time histories were used in the

analysis. The GMPE was generated using a similar

methodology as the previous study, using multiple regres-

sion, considering ground acceleration, magnitude, and

hypocentral distance, but using an updated larger dataset

consisting of purely recorded acceleration time history. The

new GMPE for North and Central Himalayas was appli-

cable to a larger magnitude range of 4.1 to 7.8, and distance

range up to 1560kms, thus overcoming a major limitation

of currently available region-specific GMPEs. Equation 1

shows the GMPE developed for the North Himalayan

region.

log Y ¼ �2:135 þ 0:437M� 1:099 log ðX þ e�0:080MÞ
� 0:549

ð1Þ

M represents the magnitude of the event and X repre-

sents the hypocentral distance. The new GMPE was vali-

dated and observed to predict ground acceleration more

accurately with noticeably less residuals as compared to

existing GMPEs. Figure 20 shows the new GMPE as

compared to previously used GMPEs for the region and its

potential in predicting ground motion at larger distances.

The new GMPE was also compared with recorded PGA

from events at shorter hypocentral distances and was found

to more accurately predict the ground motion when com-

pared to previous GMPEs.

Considering the more complex tectonic setting of the

North East Himalayas, a different GMPE was developed

for the region by Ramkrishnan et al. [84] using the same

methodology as mentioned above. A total of 24 earthquake

events having a total recorded ground motion set of 204

time histories, ranging from moment magnitude of 4.2 to

6.9 and hypocentral distance 42 km to 640 km was used

for the work. The new GMPE is presented is shown in

Eq. 2.

log Y ¼ �2:607 þ 0:580M� 1:004 log ðX þ e�1:332M

� 0:477

ð2Þ

The new GMPE was validated by checking its ability to

accurately predict the actual recorded PGA of three events

which were not considered in the development of the

GMPE. Figure 21 shows a comparison of previous GMPEs
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and the new GMPE in predicting the actual recorded

ground motion of the India-Burma border earthquake of

1987. The residuals of the actual vs predicted PGAs were

plotted and it was found that the new GMPE could predict

the GMPEs with much lesser residuals than the previously

used region-specific GMPEs.

The most important input in any SHA is the GMPE

used. Region-specific GMPEs for the country’s most seis-

mically active region, the Himalayas, have been developed

considering actual recorded and synthetic ground motions

using nonlinear regression analyses. The newly developed

GMPEs were validated using data from actual recordings

and were found to predict the ground motion more accu-

rately than the existing regional GMPEs and GMPEs that

had been adopted for the regions in past studies. The new

GMPEs were then used for hazard assessment of the

Himalayan region and major cities in the Himalayan region

in further studies.

Site Response and Characterization Studies

For a comprehensive site response assessment and micro-

zonation, subsurface characterization considering subsur-

face profiling is unavoidable. An understanding of the site

soil behaviour and response to seismic loading is necessary

to assess and mitigate the hazards due to earthquakes.

Evaluation of aftermaths of earthquakes has shown that the

intensity of ground motion is directly related to soil strat-

ification and type [117, 120]. Constructions supported on

Fig. 19 Comparison of PGA

predicted by various GMPEs

with the recorded PGA during

the 2011 Nepal–India

earthquake [7]

Fig. 20 Comparison of

previous and new GMPEs in

predicting the actual recorded

PGA of the Hindukush

earthquake of 2010 [83]
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firm soil and rock perform well when compared to those

resting on soft and alluvial grounds. It was observed in the

past that, for the same bedrock level input acceleration, the

soft soil deposits suffer larger peak acceleration than the

hard ground [123]. Several experiences have shown that

the response of soil to ground shaking during an earthquake

largely influences the level of damage [101, 110, 126].

However, the assessment of ground response is a com-

monly encountered problem in geotechnical earthquake

engineering. Several attempts have been made by

geotechnical engineers to define a reliable and quantitative

method for predicting the effect of soils on strong ground

motion. For this, an understanding of dynamic response

characteristics of soils is necessary. To understand the

ground response using a one-dimensional approach, several

input parameters like design earthquake, bedrock level, soil

profile, and other subsurface geotechnical properties are

essential [122].

The ground response and geotechnical aspects of

Ahmedabad city in the context of the 2001 Bhuj earthquake

were studied by Sitharam and Govindaraju [110]. Major

geotechnical issues like soil liquefaction, sand volcanoes,

ground cracking, and damages to dams, buildings, and

embankments were discussed and summarized. To under-

stand the reason behind the damages to the multi-storeyed

structures in Ahmedabad city during the Bhuj earthquake,

an actual recorded ground motion was analysed using the

platform SHAKE91. Seismic response of a site, of which

the geotechnical investigation data was available was

assessed using this recorded ground motion assuming the

ground as a 1-dimensional layered elastic system. Match-

ing of the seismic wave frequencies with resonant fre-

quencies of structures, along with largescale amplification

of shear waves at the sites was reported. Further, lique-

faction mapping and microzonation of the region was

recommended.

Sudhishkumar et al. [63] developed theoretical disper-

sion curves and compared the same with experimental

MASW test results from a site in south Bangalore. Input

parameters for the model development like shear modulus,

density, layer thickness, and poisons ratio were obtained

from SPT tests conducted at the site. 1D and 2D MASW

testing was carried out at the site and the dispersion curve

model was observed to match well with the experimental

curves. Anbazhagan and Sitharam [9] developed a corre-

lation between the shear wave velocity Vs obtained from

MASW tests and the N values obtained from SPT tests at a

site. The major drawback of SPT data is that it is time

consuming, laborious and the results are discontinuous in

depth. To address this, geophysical tests are adopted. In

this study, 1D and 2D MASW tests were carried out and

the subsoil profiles were generated to assess the dynamic

properties of the site. It was observed that the bore log data

matched well with the MASW test data. A correlation

between the geophysical and corrected SPT test results,

Vs = 50 N60
0.41 was presented in the study, and the repre-

sentation of the same is shown in Fig. 22. Using a similar

approach, using the data obtained from geotechnical and

geophysical tests at a site in Southeast Bangalore city, the

relationship between corrected SPT N value and shear

modulus, Gmax was developed by Anbazhagan et al. [4].

Sitharam et al. [101] presented the seismic response of

soil samples collected from Bhuj, Ahmedabad, and Assam,

along with the ground response analysis for a site in

Bangalore. Dynamic behaviour of soils collected from

Bhuj, Ahmedabad, and Assam was evaluated and the

relationship between pore pressure ratio and cyclic shear

strain, CSR, shear strain, and number of cycles for initial

liquefaction, shear modulus, and shear strain, and damping

ratio and shear strain were presented and interpreted [120].

The local site effect in Bangalore was studied using syn-

thetic ground motion using a SMSIM Fortran program.

Fig. 21 Comparison of

previous and new GMPEs in

predicting the actual recorded

PGA of the India-Burma border

earthquake of 1987 [84]
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Site-specific ground response analysis was carried out

using SHAKE2000 to estimate the amplification factor at

125 different sites in Bangalore, along with the response

spectra at the ground surface. The range of amplification

factors for the region was found to be 1.022–5.817 and the

amplification map of Bangalore is presented in Fig. 23a. It

was reported that the amplification factor depends on

numerous factors like presence of overburden thickness,

frequency of input motion, average shear wave velocity of

the soil column and presence of landfills, low SPT values,

shallow water table, etc. which contributes to low Vs values

[136]. Further, the site characterization of the Bangalore

metropolitan area of about 220 km2 was carried out using a

similar method using a refraction survey and shear wave

velocity profiling using MASW tests by Anbazhagan and

Sitharam [12] and Anbazhagan and Sitharam [13]. A site

characterization based on shear wave velocity of 30 m soil

profile, Vs30, as per NEHRP classification was adopted. 58

1D MASW tests were carried out and based on the results,

the major part of Bangalore was classified as site class D

and C [12, 13]. Site response was further assessed as dis-

cussed above and large modification of wave amplitude at

surface level was reported. Combining the data with

another 20 2D MASW tests, and estimating the Vs30, the

whole Bangalore metropolitan area was classified as

NEHRP site class D by Anbazhagan and Sitharam [12].

Further, from the 55 locations at which MASW was carried

out, SPT data was obtained for generating a correlation

between corrected SPT N values and Vs [5]. Figure 23b

presents the 30 m average shear wave velocity profile of

Bangalore.

Anbazhagan et al. [6] attempted estimation of amplifi-

cation factors for selected sites in the Himalayan region

using isoseismal maps of past events and surface PGA

acquired from site response analyses. Ground-level accel-

eration was estimated from isoseismal maps, as actual

ground motion data was not available. Using finite fault

simulation (FINSIM), bedrock level ground motions were

generated for the events whose isoseismal maps were

available and the SPT test data of the sites under scrutiny

were collected. Site response analysis was carried out using

the synthetic ground motion and subsurface profiles gen-

erated from SPT data. The surface-level PGA estimated

from the site response analysis using synthetic ground

motion and SPT data was then compared with PGA esti-

mated from the isoseismal maps. It was found that the

amplification values were matching for both approaches.

This methodology could be used as an alternative to

understanding site response and estimate site amplification.

It further showed that isoseismal maps can be reliably used

for the same application.

Anbazhagan et al. [8] carried out seismic site classifi-

cation studies for Lucknow city and brought out the first

correlation between SPT N value and Shear wave velocity,

Vs for the Indo Gangetic Basin (IGB). 47 MASW tests

were carried out along with 23 boreholes, dug up to depths

of 30 m, and subsurface profiling was completed. Further,

soil profiles deeper than 150 m were also collected from

other sources. The Vs estimated from MASW tests and the

SPT N values from the region were found to be comparable

and were used to evaluate the 30 m average N value and

Vs30 for site classification as per NEHRP. It was found that

the site is classified as C and D based on Vs30 and D and E

based on N30. The suitability of the NEHRP classification

for the study region was questioned due to this mismatch.

A correlation between Vs and SPT N value specifically for

IGB was developed as Vs = 68.96 N0.51 and was compared

with existing general correlations available for India. Fig-

ure 24 presents the comparison of the new correlation for

IGB with existing correlations for India.

Sil et al. [96] and Sil and Sitharam [95] focused on the

local site effects of Agartala city in Northeast India. Using

the point source model, synthetic ground motion for the

whole area was developed considering the uncertainties in

the model and input parameters. Using SPT and MASW

tests at the site, and interpreting the site response, the site

was classified as NEHRP class D. Considering the same,

bedrock level acceleration estimated was brought to the

ground surface and their amplification factors at 0.2 s and

1 s were reported. Further, the mean design response

spectrum at the bedrock and surface levels were developed

and compared with that of the Indian standard code driving

to the conclusion that the zone factor recommended in IS

codes are underestimated. Figure 25a shows the spatial

Fig. 22 Correlation between Shear wave velocity and corrected SPT

N value [9]
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variation of amplification factor for SA at 1 s and

(b) shows the comparison of surface-level response spec-

trum from the current study and recommendation for IS

1893–2002.

Based on a similar approach, Naveen et al. [70] and

Naveen et al. [71] carried out field and lab tests to assess

the seismic response of the Mavallipura municipal solid

waste landfill in Bangalore. Using field and laboratory

tests, unit weight, Vs, and shear modulus reduction and

material damping ratio relation of the site material was

assessed. 1D seismic response analysis using the equivalent

linear method was carried out using SHAKE2000 and

DEEPSOIL. Low shear stiffness and high amplification

were observed at the site, which was associated with the

loose filling and damping of the site. Recommendations for

a seismically safe landfill design in the Indian scenario was

suggested from the studies.

Sitharam et al. [144] carried out a ground response

analysis and seismic site characterization of an offshore

site in Western Yemen, using a large set of field and lab-

oratory on undisturbed samples. To estimate the low strain

soil stiffness and Vs, seismic cone penetration tests (SCPT)

were carried out on the field and to estimate dynamic

properties like shear modulus and damping ratio, bender

element, and cyclic triaxial tests were done. Using syn-

thetic ground motion based on point source models and

regional seismotectonic characteristics, equivalent linear

ground response analysis was carried out using

SHAKE2000 to assess the local site effects. Ground sur-

face-level PGA, its predominant frequency, and

Fig. 23 a Amplification Map of Bangalore [101]. b 30 m Average shear wave velocity profile of Bangalore [12]

Fig. 24 Comparison of the new

Vs—SPT-N correlation for IGB

with existing correlations for

India [8]
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amplification factors for the borehole locations were esti-

mated. Based on these results, a ground surface-level

design response spectra corresponding to 475 and

2500 years return periods were developed and presented

based on Eurocode 8.

Site response studies have been carried out for important

regions in the country using field tests comprising of SPT,

CPT, MASW, etc. 3D subsurface profiles have been gen-

erated and the amplification factors for these sites have

been estimated. Extensive field and laboratory tests were

carried out to achieve this. Site response and amplification

factors are indispensable for estimating the surface-level

hazard and other earthquake-related hazards like liquefac-

tion, mudflows, and ground subsidence. Besides, correla-

tions between shear wave velocities and SPT N values have

been generated for the Indo Gangetic Basin and Bangalore

city.

Liquefaction Studies

Liquefaction is a phenomenon, where the saturated, cohe-

sionless, loose soil loses its shear strength caused by large

and sudden pore pressure build-up under earthquake or

similar loading. Soil tends to flow like a viscous liquid

which causes a significant drop in soil bearing capacity and

induces failure due to settlement in the structures. Bridge

and building foundation failure and slope failure are very

commonly observed during liquefaction. A typical scenario

of soil liquefaction in India was witnessed during the 2001

Bhuj earthquake of Mw 7.7. To understand and evaluate

liquefaction potential, two parameters need to be calcu-

lated—seismic loading and soil response. In this, the

primary stride is to assess the seismic loading, which can

be done using various methods explained in previous sec-

tions. Second, the response of the soil at the site, which can

be carried out using field and laboratory tests. The most

widely accepted methodology for assessing liquefaction

potential was proposed by Seed and Idriss [94], where the

factor of safety against liquefaction is dependent on the

ratio of cyclic shear strength of soil to the cyclic stress

developed in the soil during an event. The appraisal of

cyclic shear strength needs laboratory studies like the

cyclic triaxial test, cyclic torsional test on undisturbed soil

samples. Considering the difficulties in obtaining undis-

turbed soil samples, evaluation of liquefaction potential

from field tests have gained popularity too. Major in situ

tests adopted for liquefaction studies are the standard

penetration test (SPT), cone penetration test (CPT), Becker

penetration test (BPT), and the shear wave velocity test

(Vs). Extensive studies on the liquefaction potential of

various regions had been carried out by the author using

both these methods. Notable studies are discussed in this

section.

Anbazhagan et al. [16] assessed the response of over-

lying soil to evaluate the amplification and liquefaction

potential of the city of Bangalore. To assess the site

amplification and response, bedrock level PGA estimated

in their past studies, SPT data, and other geotechnical

information, and synthetically generated ground motion

was used for an equivalent linear analysis using SHAKE-

2000. After obtaining the amplified ground-level PGA,

liquefaction studies were done using the Seed and Idriss

[94] approach. It was found that the site had a high liq-

uefaction factor of safety. Cyclic triaxial tests were con-

ducted on undisturbed samples from the sites and the

Fig. 25 a Shows the spatial variation of amplification factor for SA at 1 s. b Comparison of surface-level response spectrum from the current

study and recommendation for IS 1893-2002 [96]
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results obtained from Seed and Idriss [94] approach were

validated. It was found that this approach is reliable and

could be adopted for other borehole data from the site and

could be used for microzonation.

Sitharam et al. [129] developed a 1:20,000 scale 3-di-

mensional subsurface model for the Bangalore city using

data from an extensive geotechnical investigation. Using

this model, a preliminary liquefaction susceptibility map

was generated based on the Seed and Idriss [94] method.

Cyclic triaxial tests were carried out on samples collected

from the boreholes in the study region to confirm the

estimated liquefaction factor of safety. Liquefaction hazard

maps for 6 and 7 Mw events were generated from the

results and presented. It was found that most parts of

Bangalore are safe from liquefaction hazard, except few

locations where the overlying soil is sandy silt and the

water table is at a shallow depth.

Conventional liquefaction potential estimation approa-

ches do not consider the uncertainty in the estimation of the

earthquake ground shaking. Considering this, performance-

based probabilistic methods for liquefaction analyses were

adopted by Vipin et al. [155], Sitharam and Vipin [109],

Vipin and Sitharam [148], Sitharam and Vipin [108] and

Vipin et al. [152]. Sitharam and Vipin [109] used this

probabilistic liquefaction evaluation method, where the

input ground motion was estimated using a comprehensive

PSHA for bedrock level ground motion. The bedrock level

PGA was brought to surface level using amplification

factors based on SPT and Vs from about 500 site investi-

gations, and NEHRP classifications from remote sensing

data for the Bangalore urban centre and peninsular India,

respectively. From the study, a map of FOS against liq-

uefaction for Bangalore for a return period of 475 years

was developed. Further, the spatial distribution of SPT and

CPT values necessary to avoid liquefaction for peninsular

India, specifically Bangalore urban centre were also pre-

sented. Vipin and Sitharam [148] carried out an extensive

performance-based liquefaction potential assessment for

Bangalore city based on probabilistic ground motion and

site response using SPT values from site investigations and

Vs from MASW tests. Probability of liquefaction and FOS

against liquefaction maps for a return period of 475 and

2500 years, at different soil depths of 3 m and 6 m, were

reported. Further, SPT values required for the prevention of

liquefaction for the mentioned return periods and soil

depths were also reported. Vipin et al. [152] later compared

these findings to the FOS against liquefaction using

deterministic approaches [129] and found that the latter

was slightly higher. They concluded that about 35% and

60% of the Bangalore region have a FOS against lique-

faction greater than 2 at depths of 3 m and 6 m, respec-

tively. Figure 26a presents the FOS against liquefaction at

3 m soil depth for a return period of 475 years. Later, using

NEHRP classifications for site response, similar work was

carried out for the whole of south India by Sitharam and

Vipin (2010). The corrected SPT values required to prevent

liquefaction for POE of 2% and 10% in 50 years were

reported as shown in Fig. 26b.

Vipin et al. [151] and James et al. [49] carried out a

similar performance-based liquefaction potential assess-

ment for the states of Gujarat and Karnataka, respectively.

PSHA was carried out for both the regions using three

different GMPEs and bedrock level ground acceleration

was estimated. Considering the vastness of the study

regions and the absence of extensive subsurface models or

geotechnical data, the site characterization for site response

was carried out based on the NEHRP schemes. Both the

states were assumed to fall under site class D, as soils in

other site classes are stiffer and may not liquefy. Consid-

ering appropriate amplification factors recommended by

Raghukanth and Iyengar [159], the bedrock level PGA was

brought to the ground surface for further analyses. The

liquefaction potential was estimated and reported based on

the corrected SPT value essential to avoid liquefaction. The

spatial variation of corrected SPT values required for both

the states to avoid liquefaction for return periods of 475

and 2500 years was mapped. Figure 27a presents the

required corrected N values at 3 m depth for liquefaction

prevention for the states of Gujarat and (b) Karnataka. For

the state of Karnataka, the results were further supple-

mented with CPT values at 3 m depth for liquefaction

prevention for return periods of 475 and 2500 years.

Vipin and Sitharam [154] and Vipin et al. [153]

attempted incorporating the logic tree framework into the

assessment of liquefaction potential to reduce the epistemic

uncertainties. The water table was assumed to be on the

ground surface to consider the worst-case scenario condi-

tion. Site response was evaluated based on six different

NEHRP classifications, using the amplification factors

provided by Raghukanth and Iyengar [159]. Using these,

the liquefaction hazard curves with respect to corrected

SPT and CPT values for peninsular India were generated.

The spatial variation of corrected SPT N values and CPT

values at 3 m depth required to avoid liquefaction for 2%

and 10% POE in 50 years were reported in the study. Using

a more extensive logic tree approach, using areal and linear

sources, two approaches for maximum magnitude estima-

tion, and three GMPEs, a probabilistic approach for liq-

uefaction potential estimation was attempted again for the

state of Gujarat. It was observed that the Rann of Kutchh

region of Gujarat has high liquefaction potential which was

validated in the 2001 Bhuj earthquake.

So far, the studies were based on the liquefaction sus-

ceptibility, or FOS against liquefaction, or, the SPT and

CPT values required to avoid liquefaction for soils at

specified depths. Iwasaki et al. [43] introduced the
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Liquefaction Potential Index (LPI) which is obtained by

integrating the FOS against liquefaction at all depths and is

a better representative of the liquefaction potential at a

particular borehole location. James et al. [50] adopted this

method and carried out a deterministic and probabilistic

approach to estimate the LPI at a nuclear power plant site

located in the South Indian east coast, using field test data.

LPI provides a number and its range represents the lique-

faction vulnerability of the site. A value of less than 2

means low vulnerability and above 15 is very high vul-

nerability [139]. Seismic loading was estimated using

deterministic and probabilistic methods considering three

GMPEs and linear source models by dividing the site into

grids of size 0.001� 9 0.001�. Based on extensive field

testing using MASW and SPT tests, the site classes were

classified ranging from C to E as per NEHRP. Using the

relations from Raghukanth and Iyengar [159], the bedrock

level PGA was brought to surface level to estimate the

Cyclic Stress Ratio (CSR), and the SPT test data was used

to estimate the Cyclic Resistance Ratio (CRR). Based on

these values, the FOS against liquefaction was estimated,

using which the LPI was estimated. Deterministic assess-

ment of LPI and probabilistic LPI for return periods of 475

and 2500 years were reported. Figure 28a shows the spatial

variation of LPI of the site, for a 2500 years return period.

A similar approach was adopted for the LPI mapping of

Lucknow city, a part of the Indo Gangetic Basin (IGB),

lying in the foothills of the highly seismic Himalayas by

Kumar et al. [61]. Field tests using MASW and SPT were

carried out and a deterministic approach was adopted for

Fig. 26 a FOS against liquefaction at 3 m soil depth for a return period of 475 years in Bangalore Urban Centre [152]. b SPT N values required

at 3 m soil depth to avoid liquefaction for a return period of 2500 years in Peninsular India [108]

Fig. 27 Corrected N values at 3 m depth for liquefaction prevention for the states of a Gujarat [151] and b Karnataka [49]
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estimating PGA in this study. LPI and FOS against lique-

faction considering average and maximum surface PGA

amplification was reported in the study. Figure 28b pre-

sents the spatial variation of LPI considering maximum site

amplification for Lucknow city.

Kolathayar et al. [57] carried out a comprehensive

probabilistic liquefaction potential assessment for India

and adjoining areas using a logic tree approach. Assuming

the worst-case scenario, the water table was assumed to be

at the ground level and the whole region in NEHRP site

class D. Spatial variation of corrected N values required to

avoid liquefaction with 2% and 10% POE in 50 years was

reported in this study. Figure 29 presents the spatial vari-

ation of corrected N values required for a return period of

2475 years.

Extensive studies on site amplification had been carried

out by the author and based on the same, liquefaction

studies have been extended for those regions. SPT N values

required at various depths to avoid liquefaction for Ban-

galore, Kalpakam, Gujarat, Karnataka, South India, and the

whole country had been reported in various studies.

Extensive field studies were carried out for estimating the

site amplification for the cities of Lucknow, Bangalore, and

Kalpakam, and proxy methods were adopted for large scale

studies like that of South India and the whole country. LPI

and FOS against liquefaction were reported in these stud-

ies, based on which further microzonation and risk map-

ping could be carried out as discussed in the following

sections.

Seismic Microzonation and Applications of GIS

Seismic Zonation is the practice of subdividing a region

into different categories or zones based on various

geotechnical, geological, and seismological parameters for

effective use in land-use planning for earthquake effects

[99]. It is generally carried out at the micro-level, meso-

level, and macro-level [47]. James and Sitharam [47] rec-

ommended the aptness of different levels of seismic

Fig. 28 a Spatial variation of LPI for a 2500 years return period [50]. b Spatial variation of LPI considering maximum site amplification for

Lucknow city [61]

Fig. 29 Spatial variation of corrected N values required for a return

period of 2475 years [57]
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zonation for different regions and methodologies for seis-

mic site characterization, amplification hazard, and lique-

faction hazard. The detailed description presented by James

and Sitharam [47] is presented in Table 5.

Sitharam and Anbazhagan [137] defined microzonation

as follows:

The microzonation is defined as subdivision of a

region into zones that have relatively similar expo-

sure to various earthquake related effects. This

exercise is similar to the macro level hazard evalua-

tion but requires more rigorous input about the site

specific geological conditions, geotechnical charac-

teristics of site, ground responses of soil column to

earthquake motions and their effects, ground condi-

tions which would enhance the earthquake effects

like the liquefaction of soil, the ground water con-

ditions and the static and dynamic characteristics of

foundations or of stability of slopes in the hilly terrain

A general idea of structures that are suited to an area,

relative damage potential of existing structures, or potential

hazard or threat to a region can be obtained from micro-

zonation maps [98]. Damages due to earthquakes are

dependent on three basic factors, source and path charac-

teristics of the earthquake, local site effects, and design and

construction features of the structure. A seismic micro-

zonation should address numerous parameters in the first

two basic groups. Basic microzonation assesses the site

response based on its characterization, and works as a first

step in seismic risk mitigation [137]. For seismic risk

mitigation practices, seismic hazard maps developed based

on geotechnical data are widely being incorporated.

Remote sensing data are extensively used for finding linear

sources and mapping point sources, which is a major input

in seismic hazard assessment. Mapping and delineating

earthquake sources have been made easy with the use of

remote sensing data and can be stored for future use in

similar studies using Geographical Information Systems

(GIS) and applications. GIS also offers a concrete platform

for incorporating diverse layers of information, thereby

providing valuable input for earthquake-resistant design of

structures and town planning [10, 133]. Land-use dynam-

ics, site geology, liquefaction susceptibility, urban region

mapping, etc.,, can be incorporated in multi-criteria-based

microzonation studies using remote sensing data processed

in various GIS platforms.

Sitharam et al. [121] attempted a first level microzona-

tion mapping of the Bangalore region considering param-

eters like peak ground acceleration and amplification

factors to generate a FOS against liquefaction map of

Bangalore city. Hazard analysis was carried out and based

on geotechnical and remote sensing data [136]. Amplifi-

cation factors were estimated for the study region and 2D

hazard maps for these were developed using the ArcInfo

package-based GIS tool. The region was divided into three

zones of amplification; A to C ranging from no to moderate

amplification and merging it with the PGA map, a FOS

against liquefaction map was presented which classified the

area into 5 zones of liquefaction susceptibility.

Anbazhagan and Sitharam [3], Sitharam and Anbazha-

gan [137], and Sitharam and Anbazhagan [111] improved

this study and presented a 1:20,000 scale FOS against

liquefaction map of Bangalore city based on various

geotechnical, geological and seismological parameters.

Detailed methodology and results of Deterministic bedrock

level ground motion, site amplification factor, Soil thick-

ness from geotechnical SPT tests, Equivalent Vs based on

MASW tests, Predominant period, and frequency, Geology

and geomorphology of the site were developed and pre-

sented using a GIS platform. Using the above data, a basic

Table 5 Approaches and grid size recommended for micro-, meso- and macro-levels of seismic zonation [47]

Earthquake hazard Methodologies (grid size)

Micro-level Meso-level Macro-level

Seismic Hazard at

bedrock level

Deterministic/Probabilistic approach

(less than 1 km 9 1 km)

Deterministic/Probabilistic approach

(1 km 9 1 km to 5 km 9 5 km)

Deterministic/Probabilistic

approach (5 km 9 5 km to

10 km 9 10 km)

Seismic Site

Characterization

Geotechnical and Geophysical Testing

(less than 1 km 9 1 km)

Geotechnical and Geophysical Testing/

Topographic slope map (1 km 9 1 km to

5 km 9 5 km)

Topographic slope map

(5 km 9 5 km to

10 km 9 10 km)

Site Amplification

Hazard

Ground Response Analysis (less than

1 km 9 1 km)

Ground Response Analysis/Empirical Method

(1 km 9 1 km to 5 km 9 5 km)

Topographic slope map

(5 km 9 5 km to

10 km 9 10 km)

Liquefaction

Hazard

Deterministic/Probabilistic method

based on field test data (less than

1 km 9 1 km)

Deterministic/Probabilistic method based on

field test data (1 km 9 1 km to

5 km 9 5 km)

Performance-Based Approach

(5 km 9 5 km to

10 km 9 10 km)
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FOS against liquefaction map was developed and pre-

sented, which divided the whole region into 4 levels of

liquefaction hazard as shown in Fig. 30.

Detailed discussions on the principles, practices, and

review of microzonation studies in India were presented by

Sitharam and Anbazhagan [137] and Sitharam et al. [132].

Past microzonation studies of Indian cities like Jabalpur

[75], Dehradun [77], Delhi [23], Sikkim [68], and Guwa-

hati [68] were discussed and a recommendation was made

to incorporate geotechnical aspects and assign them apt

weightages for microzonation [113]. Considering this, a

detailed microzonation of Bangalore city was attempted by

Sitharam and Anbazhagan [137] and Anbazhagan et al.

[14]. Numerous criteria were selected for microzonation of

Bangalore and weights were incorporated to them based on

their importance. In the order of weights assigned, the

parameters considered were bedrock level PGA using

DSHA, bedrock level PGA using PSHA, site amplification

factor, soil thickness from geotechnical SPT tests, equiv-

alent Vs based on MASW tests, factor of safety against

liquefaction, predominant period/frequency, ground

elevation levels or topography, drainage pattern, and

geology and geomorphology of the site. These parameters

were merged using an Analytical Hierarchy Process (AHP)

which incorporated a ranking of the themes considered

using a pair-wise comparison matrix of themes and their

normalized weights. The parameters discussed above,

based on their weights were merged to develop hazard

index-based deterministic and probabilistic microzonation

maps. The probabilistic seismic microzonation map for the

city of Bangalore presented in this work is shown in

Fig. 31.

Sitharam et al. [100] and James et al. [48] carried out a

comprehensive seismic microzonation of Lucknow city

and a nuclear power plant site based on a similar

methodology. For the study regions, a region-specific

GMPE and two GMPEs developed for other regions were

used in a logic tree framework to carry out DSHA and

PSHA to estimate the bedrock level PGA. 2D lithological

cross-sections of the study area were developed using 23

boreholes and 47 MASW tests. The amplification factor for

the region was estimated based on this geotechnical and

Fig. 30 Basic microzonation map of Bangalore city showing FOS against liquefaction [137]
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geophysical survey and the surface PGA was mapped and

used for assessing the FOS against liquefaction. Using an

AHP, using weighted factors like rock level PHA from

DSHA, rock level PGA from PSHA with 2% and 10% POE

in 50 years, amplification factor, Vs30, average Vs till a

depth where shear wave velocity if reaching 760 ± 60 m/s,

FOS against liquefaction, and predominant frequency, a

seismic hazard index was estimated for the study region.

Deterministic and probabilistic microzonation maps of

Lucknow were then developed based on the seismic hazard

index. Figure 32a presents the probabilistic seismic

microzonation map of Lucknow for 10% POE in 50 years.

Using parameters like PHA from DSHA and PSHA,

amplification factor, FOS against liquefaction, predominant

frequency, Vs30 and overburden soil thickness, determin-

istic, and probabilistic hazard index were defined for the

nuclear power plant site. Figure 32b presents the proba-

bilistic seismic microzonation map of the power plant site

for 10% POE in 50 years.

Application of GIS in seismic studies was explored

further by James and Sitharam [45] in assessing the Macro-

level landslide hazard for the state of Karnataka, India. A

macro-level hazard assessment was carried out to identify

seismic landslide hazard-prone regions using Digital Ele-

vation Model (DEM) data. The DEM was processed to

develop a slope map of the state. After dividing the whole

region into grids of size 50 m 9 50 m, the bedrock level

hazard was estimated using the DSHA approach for those

grid points having terrain slope above 10�. Surface-level

PGA was estimated using the nonlinear site amplification

technique considering NEHRP site class B. Considering

the two parameters—surface-level PGA and terrain slope

angle, the seismic landslide hazard for each grid point was

reported in terms of static FOS using Newmark’s analysis.

The district-wise analysis was carried out and later merged

to obtain the seismic landslide hazard map of the whole

state. The state was delineated into three categories based

on static FOS, Low, moderate ad high hazard regions, with

FOS 1–1.5, 1.5–2, and above 2, respectively. Figure 33a)

shows the seismic landslide hazard map of the state of

Karnataka. A similar approach and classifications were

adopted by James and Sitharam [46] for studying the state

of Sikkim and delineating it into different zones of seismic

landslide hazard as shown in Fig. 33b. It was observed that

the majority of the terrain of the state of Karnataka was flat

terrain and had low hazard, whereas the western ghat

region had a very high hazard. For the state of Sikkim, it

was observed that the majority of the state fell under high

hazard, which was predominantly due to the high level of

predicted ground shaking in the range of 0.2–0.3 g, and the

extremely steep terrain.

Fig. 31 Probabilistic Seismic

Microzonation map of

Bangalore city [137]
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Seismic microzonation based on deterministic and

probabilistic approaches were carried out for various

regions on various scales. Microzonation of cities like

Bangalore, Lucknow, and Kalpakam were carried out

considering their liquefaction susceptibility and seismic

slope stability. Various other contributing parameters like

amplification factor, bedrock level PGA, predominant fre-

quency, shear wave velocity, etc. were considered and

merged to establish a hazard index for the region in many

studies. Microzonation maps of Bangalore, Lucknow, and

Fig. 32 Probabilistic seismic microzonation map for 10% POE in 50 years, a Lucknow [100], b Nuclear power plant site at Kalpakam [48]

Fig. 33 Seismic landslide hazard map of the state of a Karnataka [45]. b Sikkim [46]
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Kalpakam were thus generated in terms of deterministic

and probabilistic hazard indices. Using a similar approach,

microzonation and hazard maps in terms of FOS against

seismic landslide susceptibility were reported for the states

of Karnataka and Sikkim.

Time–Frequency Analysis in Seismic Studies

Earthquake signals recorded by accelerograms exhibit non-

stationary characteristics and demonstrates a time-evolving

frequency structure. The transient earthquake signals are

non-stationary in the context that the amplitude of the

frequency varies over time. The non-stationary features of

earthquakes are linked to the period of ground motion

intensity and the frequency content time variation. Time–

Frequency distributions transform a one-dimensional signal

into a two-dimensional time and frequency function and

define how the signal’s spectral content changes over time.

Besides, the time–frequency distribution demonstrates how

the signal energy is distributed simultaneously over time

and frequency domain. Time–Frequency Analysis (TFA) is

therefore implemented to better analyse the spectrum and

detect the seismic signal. Fourier analysis has been used for

decades for representing the frequency plane in seismic

signals. The Fourier spectrum provides the contents of

frequency in time series; nevertheless, the identification of

the temporal location of identical frequency, as well as, the

change of frequencies in time is not defined in the spectrum

aforementioned. Point source models were used in

stochastic seismological models for ground motions syn-

thesis in several past studies. The duration, frequency

contents, and amplitudes of ground movement at a location

are controlled by the directivity and rupture propagation

effects. But the point source models were unable to capture

these effects effectively. Further, Fourier Transform (FT)

had been used in past studies in an attempt to synthesize

ground motions [60], but it was observed that the temporal

distribution of frequency contents over the time–frequency

plane was not similar to that of the actual signals. Hence,

control over time–frequency content was recommended

while synthesizing signals, especially for usage in nonlin-

ear analyses. Time–Frequency distributions map a one-di-

mensional signal into a two-dimensional function of time

and frequency and describe how the spectral content of the

signal changes with time, and are also termed as Joint-

Time–Frequency Analysis/Representations (JTFA/JTFR).

The time-domain function demonstrates how signal

amplitude changes with time while the frequency domain

demonstrates the pattern of such modifications. Further-

more, Time–Frequency distribution shows how the energy

of the signal is distributed over time and frequency domain

simultaneously. TFA techniques have been adopted by

Ramkrishnan [78] to analyse and synthesize ground motion

for nonlinear analyses.

Ramkrishnan et al. [79] adopted the Gabor Transform

(GT), a Joint Time–Frequency Analysis (JTFA) technique

to synthesize earthquake motions for the Japanese region.

Recorded time-histories of 23 earthquakes throughout

Japan was been collected from K-Net and Kik-Net Strong

Motion Seismograph Network and was categorized

according to various Magnitude and hypocentral distances

[80]. Events of magnitude ranging from 5 to 5.5 and

hypocentral distances 0 to 100 km were sorted and GT was

applied to transform the signals to their time–frequency

domain and estimate their Gabor amplitude coefficients.

Mean Gabor amplitude coefficients were estimated for

different Magnitude (Mx) and Distance (Dy) combinations

like M5D0–25, M5D25–50, M5–5.5D0–25, and M5–5.5D25–50.

Using an inverse GT process; Gabor Expansion (GE), the

mean transformed Gabor amplitude coefficients were used

to reconstruct and synthesize a time-history which does not

compromise on the quality of their spectral and frequency

contents, thus yielding reliable synthetic seismic motions.

Response spectra are developed from the actual and syn-

thesized time-histories and are compared. A statistically

good fit in terms of the coefficient of determination factor,

R2 was observed between the actual and synthetic response

spectrum developed. The GT spectrogram and physiogram

of a sample synthetic seismogram developed for an event

of magnitude 5 and a distance range of 0–25 km from the

epicentre are presented in Fig. 34. Using a similar

approach, Ramkrishnan et al. [79] developed synthetic

signals for the Japanese region for magnitudes ranging

from 5.5 to 6.0 and hypocentral distances ranging from 0 to

50 km.

Ramkrishnan et al. [82] and Devaraj et al. [34] adopted a

Joint Time–Frequency Analysis (JTFA) technique for the

synthesis of accelerograms for the North and Central

Himalayas and North East Himalayas, respectively. JTFA

was adopted for analysing the signals in a joint time and

frequency domain to better understand its characteristics

and synthesize signals without compromising its inherent

characteristics like frequency content and amplitude. Syn-

thetic accelerograms were developed using JTFA tech-

niques for different magnitude and distance ranges between

5 to 6.8 and 0–480 km and the corresponding generalized

response spectra were developed by Devaraj et al. [34].

Synthetic accelerograms and their response spectra were

compared with actual signals in the same magnitude-dis-

tance ranges and were found to match well. A comparison

of the frequency contents of actual and synthetic signals

was also carried out using FT and GT spectrograms and

was found to be in good agreement. Further, a comparative

study of various earthquake reduction measures for NEI

was carried out for a scenario earthquake using the
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synthesized data, and the best suitable structural input for

the region was recommended from the nonlinear analysis.

Figure 35 presents the frequency content comparison

between actual and synthetic ground motions developed for

the North East Indian region, for a magnitude and distance

range of 5.5–6 and 201–240 km, respectively. It could be

Fig. 34 a GT spectrogram and b Physiogram of a sample synthetic seismogram developed for an event of magnitude 5 and distance range of

0–25 km for Japan region [79]

Fig. 35 FT and GT Spectrograms of signals in M5.5–6.0D201–240. a FT

of actual signal in M5.5–6.0D201–240. b FT of synthetic signal for

M5.5–6.0D201–240. c GT Spectrogram of actual signal in

M5.5–6.0D201–240. d GT Spectrogram of the synthetic signal repre-

senting M5.5–6.0D201–240 [34]
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observed that the frequency contents and their temporal

variations were matching well.

A JTFA of seismic waves and its synthesis revealed

interesting characteristics and features pertaining to the

frequency contents and its temporal behaviour. Various

JTFA techniques have been reviewed for applications in

earthquake ground motions and a Linear JTFA technique,

GT has been found well suited for analysis and GE has

been adopted due to their advantages over other techniques

for synthesizing acceleration time histories of scenario

earthquakes in the region. A novel method for synthesizing

earthquake motions where only limited data are available

to predict a future scenario earthquake was presented.

Seismic Design of Geotechnical Structures

Seismic design of foundations, earth dams, retaining walls,

embankments, and abutments are of high importance in

geotechnical earthquake engineering to minimize the dis-

astrous effects of earthquake hazards. The slope stability

method using the pseudo-static approach for seismic

loading is usually adopted for analysis of earth dams.

Shallow foundations are also generally designed based on

the bearing capacity estimated through pseudo-static

approaches. Geotechnical structures, especially when con-

structed on sloping grounds, behave differently under

seismic loading and this needs to be explored and under-

stood. In such cases, the interaction between the structure

and soil needs to be studied in detail [86].

Choudhury et al. [28] carried out a comprehensive

review of various approaches used to estimate the seismic

earth pressures and their point of application on earth

retaining structures. The advantages and disadvantages of

various design and analytical approaches for earthen dams

and foundations under earthquake loading were discussed.

Approaches like the force equilibrium based pseudo-static

analysis, pseudo-dynamic analysis, and displacement-

based sliding block methods were discussed. Considering a

permissible wall displacement, force-based analysis, and

displacement-based analysis were compared using numer-

ical examples and it was found that displacement-based

analysis was better. Based on the results, it was recom-

mended that the IS code for the seismic design of retaining

wall is to be reconsidered and modified.

The complex behaviour of piles embedded in sloping

grounds under seismic loading was studied by Deendayal

et al. [32]. The response of piles to dynamic loading is

largely dependent on the soil–pile interactions on the

interface of the pile surface. A plane strain Finite Element

Analysis (FEM) of a single pile of 30 m length embedded

in soft clay subjected to dynamic seismic forces was

assessed by varying the slope and embedment length

parameters. Various Length to Diameter (L/D) ratios like

20, 25, and 30 and slopes of 1 V:1H and 1 V:5H were

studied. The behaviour of these piles in terms of acceler-

ation vs time, bending moment, and lateral displacement

along the pile shaft was studied. A bilinear Mohr–Coulomb

model was adopted to model the soil–structure interaction

and the pile was modeled as a linearly elastic beam ele-

ment. An absorbent boundary was adopted to model the

boundary conditions to avoid reflected dynamic interac-

tions on the pile model. The time-history data from the

California earthquake of 1990 was adopted as a model

dynamic load. The varying effects of L/D ratios and ground

slopes on maximum acceleration, displacement, and

bending moments were reported and discussed. Figure 36

(a) shows the PLAXIS 2D model of a pile on soft clay

sloping ground having an L/D ratio 30 and a slope of

1 V:1H. A similar approach was adopted to study the

deformation and acceleration behaviour of piles subjected

to static and dynamic loading by Deendayal et al. [89]. The

seismic response of a single concrete pile of 11.5 m length

and 0.4 m diameter located on a flat soft clay bed above a

sand layer was studied using 2D PLAXIS models.

Experimental studies on the static lateral loading beha-

viour of laterally loaded single piles on soft clay sloping

grounds were carried out by Deendayal et al. [33], Deen-

dayal et al. [87], and Deendayal et al. [88]. Laboratory-

scale model using aluminium piles with instrumentation

was installed on varying slopes and L/D ratios like 1 V:1H,

1 V:1.5H, 1 V:2H, 1 V:3H, 1 V:5H and 20, 25, 30,

respectively. Tests were carried out on the horizontal

ground surface as well to understand the effect of slopes.

Lateral loading capacity, load–deflection behaviour at pile

head, the variation of pile load capacity for various

embedment lengths and ground slopes, and bending-mo-

ment profile along the pile shaft were evaluated experi-

mentally. PLAXIS 3D was used to study the pile with the

above-mentioned L/D ratios and ground slopes using a

FEM model and compare the experimental results. It was

found that the experimental and FEM model results were

comparable. Figure 36b presents the experimental setup

used in the study.

Sitharam and Hegde [102] and Sitharam and Hegde

[103] carried out a case study and probabilistic seismic

slope stability analysis of a rockfill tailing dam in Rajas-

than, India. Tailing dams are made of accumulated mining

waste or slurry which are heaped over in layers and raised

in due course of the deposition. They usually fail due to

various factors like settlement, seepage, earthquakes, stress

distribution, etc. In the case study discussed, the height of

the tailing dam was supposed to be raised from 26 to 54 m

as it had almost reached its capacity. Construction of a

tailing dam could be carried out using different methods

like upstream method, downstream method, and Centre-
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line method, each of which has its own merits and

demerits. Selecting the best methods depends on the land

availability, the soil at the site, properties of the tailings,

etc. Monte–Carlo Simulation method (MCSM) was

employed here for a seismic slope stability analysis using

SLIDE to determine the FOS and mode of failure. A hor-

izontal seismic acceleration coefficient of 0.06 g was

adopted for seismic analysis. The downstream method was

adopted in the study to raise the height of the embankment

on the northern and eastern sides of the dam and, for every

6 m raise of the embankment, a seismic slope stability

analysis was carried out. The FOS obtained using the

adopted method was found to be much higher than the

required value and the probability of failure of the dam was

determined as 7.1–7.5% while adopting the downstream

method [102]. Figure 37a shows the result of seismic slope

stability analysis of the downstream slope at 51 m height

with an acceleration coefficient of 0.06 g. On the other

hand, the upstream method was adopted on the western

side and a similar analysis was carried out. The dam is

located in a Seismic zone II, and the slope stability analysis

proved right and the design was found to be safe, as only

small magnitude events were recorded in the area. The

tailing dam has, as of now sustained five monsoons,

without any failure reported to date. A linen HDPE

geomembrane was also installed, which provides better

sealing and frictional resistance, below which a thick

aggregate layer was placed to provide better shear strength

and stability. The proposed design was found to be seismic

resistant, cost-effective, and environment friendly. Fig-

ure 37(b) shows the deformation vectors of the down-

stream slope from the FEM analysis. It has been further

planned to increase the height of embankment from 54 m

to 74 m in four phases using different methods and similar

analyses.

Seismic loading on the built environment needs to be

studied and understood, and attempts have been made

towards the same by the author. The seismic response of

geotechnical components and structures have been studied

and quantified in past studies. The response of seismically

loaded piles in various soil conditions and reliable seismic

designs for structures like tailing dams have been under-

taken successfully.

Srinivas et al. [141] carried out extensive studies and

design for stabilizing highly jointed rock mass slopes of the

world’s highest railway bridge across the deep gorges of

the Chenab river in the Himalayas. This bridge is the most

critical component of the Udhampur Srinagar Baramulla

Rail Link Project of Indian Railways, which is a project of

national importance. The bridge is 1315 m long and has an

arch span of 467 m with the deck at 362 m above the

highest water level; which once completed, will be the

world’s highest railway bridge. The geology of the site is

highly erratic with folds and faults and shear zones. The

predominant strata at the site are highly jointed dolomite

with shale bands. Further, the bridge is located in the most

seismically active area, the Himalayas which is demarcated

as Zone 5 in IS1893. Detailed site investigations com-

prising of trial pits, plate load tests, in situ direct shear

tests, pull out tests, MASW tests, and response spectra

analyses were carried out. Dynamic, static, and pseudo-

static slope stability analyses were carried out using con-

tinuum analyses using Slide and FLAC for stability during

the construction stage and long term stability. Based on the

studies, elaborate slope stabilization measures have been

employed using steel fibre-reinforced shotcrete, rock bolts,

and double corrosion protected pre-stressed anchors using a

top-down approach. The pre-stressed bar anchors were

33 m long anchors with a safe working load of 64T while

the pre-stressed cable anchors were of 40 m length and

with a safe working load of 100 MT. The rock excavation

involved was more than 1 million cubic meters on deep

slopes with a maximum depth of slope being 236.5 m on

the left bank and 163.2 m on the right bank. The slopes

have been now stabilized and the project is nearing com-

pletion with arch erection underway from both the banks of

the river. Figure 38 shows the stabilized right bank of the

river with arch erection in progress. The stabilized slope

Fig. 36 a PLAXIS 2D model of a pile on soft clay sloping ground having L/D ratio 30 and slope of 1 V:1H [32]. b Experimental setup used for

static analysis [89]
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with rock bolts and excavations can be observed in the

background.

Experimental and Numerical Studies on Dynamic
Behaviour and Soil Liquefaction

Liquefaction susceptibility has been one of the major

hazardous challenges in geotechnical engineering in

earthquake-prone zones. Granular materials such as sands

are the soil types that are usually most susceptible to liq-

uefaction. To gain a better understanding of liquefaction

and the mechanism involved at micro levels, numerical

simulation using Discrete Element Modelling (DEM) can

be considered as a good tool. It has enabled over time its

application for a better understanding of the microme-

chanical behaviour of granular soils such as sands in

drained and undrained loadings. Applications of DEM have

helped to study the potential applications of 2D—Discrete

Element Simulation to model the behaviour of reinforced

granular soils [44].

Site-specific laboratory and analytical studies were

undertaken by Sitharam et al. [124], where the behaviour of

silty sand from Bhuj, Gujarat, India in terms of liquefaction

susceptibility and dynamic properties were carried out.

Sitharam et al. [118] presented the results of laboratory

investigations carried out for liquefaction susceptibility and

pore water pressure generation in samples collected from

earthquake-prone areas of Ahmedabad, Gujarat, India

using cyclic strain controlled triaxial tests. Effect of dif-

ferent parameters such as shear strain amplitude, initial

effective confining pressure, relative density, and percent-

age of non-plastic fines on the behaviour of liquefaction

and pore water pressure generation was studied in depth

Fig. 37 a Seismic slope stability analysis of downstream slope at 51 m height of the embankment [102]. b Deformation vectors of the

downstream slope from FEM analysis [103]
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over these years. Further to study the effects of fines on

pore pressure development during cyclic loading, Balreddy

[20], studied the soil susceptibility to liquefaction using a

series of stress-controlled cyclic triaxial undrained shear

tests on reconstituted sand–fines mixtures.

Sitharam et al. [143] undertook a numerical simulation

of 3-D DEM assemblies considering 1000 spherical parti-

cles under monotonic undrained (constant volume) and

drained conditions. Special emphasis was laid on the study

of micromechanical behaviour of phase transformation of

medium dense sands which were modeled as 1000 spher-

ical particles. The results obtained were further compared

with characteristic lines representing zero dilatancy state in

drained tests. An attempt to explain behaviour of the stress

path for phase transformation was made using numerical

modeling.

Sitharam et al. [145] undertook constitutive numerical

simulation using a DEM, programmed in TRUBAL, to

study isotropic compression and triaxial static shear tests

under drained and undrained stress paths on the polydis-

perse assembly of loose and dense spheres representing

granular soil particles. To study the micro–macro rela-

tionship, the micromechanical behaviour of loose and

dense assemblies under drained and undrained conditions

was undertaken. An attempt was made to micro-mechani-

cally study the behaviour of granular material at the grain-

scale level. Numerical simulations have been carried out

using a DEM considering a 1000 sphere particle polydis-

perse assembly with periodic space representing an infinite

three-dimensional space as shown in Fig. 39a. A series of

numerical tests were undertaken using DEM on 3D

assemblages of spheres to study the evolution of the

internal variables such as induced anisotropy during

deformation along with the macroscopic behaviour of the

assemblage in drained and undrained shear tests.

Figure 39(b) presents the variation of deviatoric coeffi-

cients with axial strain for different initial soil conditions.

In a qualitative sense, the macroscopic stress–strain results

and stress path evolution in these simulations using 3-D

assemblies demonstrate that DEM simulations are capable

of reproducing realistic compression and shear behaviour

of granular materials [35].

Sitharam and Dinesh [142] studied the liquefaction

behaviour of granular materials using numerical simulation

using 3D DEM. 3D assemblies of 1000 polydisperse sphere

particles using DEM were used to study the liquefaction

behaviour of granular materials by undertaking simulations

of cyclic triaxial shear tests in undrained conditions

whereby the granular materials were simulated using the

spherical particles. Different confining pressures under

constant strain amplitude was considered for the numerical

simulations. Figure 40 presents the q vs p stress paths for

the undrained strain-controlled cyclic test for a confining

pressure of 25 kPa. The simulations revealed that numer-

ical modeling using 3D DEM could be used for qualitative

and realistic macroscopic simulation for the cyclic beha-

viour of granular materials. It was observed in the

numerical simulation that at low confining pressure the

assembly liquefies rapidly under cyclic loading conditions

while at higher confining pressure the separation between

individual particles is prevented when granular materials

tend to liquefy. It was inferred from the study that the

magnitude of the applied cyclic stress decreases with an

increase in confining pressure when compared to the

undrained static strength. Dinesh et al. [91] adopted a

similar methodology and further studied the seismic

properties of soil such as damping ratio and reported a

range of shear strain and confining pressures.

Sitharam et al. [124], studied the behaviour of silty sand

from Bhuj, Gujarat, India in terms of liquefaction

Fig. 38 Stabilized right bank

with arch erection in progress

[141]

36 Indian Geotech J (February 2021) 51(1):3–49

123



susceptibility. The dynamic properties of the soil were

estimated under large shear strains ranging from 0.1% to

4%. Cyclic undrained shear tests were conducted for liq-

uefied and oozed out soil samples which were collected

from ground surface close to the epicentre of the Bhuj

earthquake. From these tests, the dynamic properties were

estimated at large strain levels of 0.5% to 4%. The modulus

and damping estimated using cyclic triaxial testing at large

strain levels can be considered to serve as key factors for

the assessment of ground response due to earthquakes.

From the experiments, it was further observed that at

higher Cyclic Stress Ratios (CSR), the pore water pressure

builds up fast and liquefaction is triggered at lower cycles

of uniform load applications [38]. Figure 41 presents the

rate of pore water pressure build-up with different CSR. An

increase in the density increased the cyclic strength of soil,

thereby making it less susceptible to liquefaction. A major

reduction in the shear modulus and a corresponding

increase in damping ratio occur in the large shear strain

range exhibiting highly nonlinear behaviour. Based on the

test results, it was observed that the relative density has no

significant influence on the dynamic properties of soil in

the large strain levels (beyond 1%), but it has a consider-

able influence at small strain levels (less than 1%).

Dinesh et al. [92] presented the results of the static

behaviour of granular soils using 3D DEM simulations

using 1000 sphere particles. Shear tests were modeled and

carried out using spherical particles, thereby simulating

stable granular assemblies at various initial conditions

under drained, undrained, and constant pressure stress

paths until critical state conditions were attained. The

macroscopic results were presented with a micromechani-

cal explanation and the validity of the stress-force-fabric

relationship was presented. The results also indicated that

in addition to the deviator stress, mean p, and volumetric

strain, the average coordination number is constant at

critical state.

Fig. 39 a 3D view of the polydisperse assembly. b Deviatoric coefficients versus axial strain in drained shear test at a confining pressure of

50 kPa for samples under loose and dense initial conditions [145]

Fig. 40 Stress path in undrained strain-controlled (1%) cyclic test on

a polydisperse sample at confining pressures of 25 kPa [142] Fig. 41 Rate of pore water pressure build-up with CSR [124]
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Sitharam et al. [118] presented the results of laboratory

investigation carried out for liquefaction susceptibility and

pore water pressure generation in soil samples collected

from an earthquake-prone area of Ahmedabad, Gujarat,

India using cyclic strain controlled triaxial tests. Effect of

different parameters such as shear strain amplitude, initial

effective confining pressure, relative density, and percent-

age of non-plastic fines on the behaviour of liquefaction

and pore water pressure generation was studied. Based on

the results, it was observed that the liquefaction suscepti-

bility of the sandy soils was a function of considered

parameters such as shear strain amplitude, initial relative

density, initial effective confining pressure, and non-plastic

fines [146]. Based on the obtained results, regression

analysis was undertaken and empirical correlations were

proposed for a wide range of cyclic strain, relative densi-

ties, and confining pressures. It was also observed that

there is a relationship between pore pressure ratio and cycle

ratio independent of relative density, confining pressure,

the amplitude of shear strain, and percentage of non-

plastic fines as shown in Fig. 42.

Vinod et al. [44], in their study, explored the potential

application of 2D Discrete Element Simulation using PFC-

2D to model the behaviour of reinforced granular soils.

Biaxial element tests were carried out with and without

horizontal reinforcement layers to understand the beha-

viour of reinforced granular soils from a microscopic grain-

scale level. Numerical simulations were carried with

assemblies of 1800 uniformly sized circular particles of

dimensions 0.1 mm. For the study, the reinforcing ele-

ments were modelled using a chain of circular particles of

considered dimension at predetermined contact locations

and by further assigning contact bond between particles

horizontally at the contact locations. Effect of parameters

such as the number of reinforcement layers, the thickness

of reinforcement layers, and packing geometry on the

behaviour of reinforced granular materials was studied. It

was observed that the improvement in the load-carrying

capacity of the reinforced granular soils can be attributed to

the restriction of the particle movement in the minor

principal direction, by the reinforcement layer. It was also

found that the development of tensile stresses in the rein-

forcement layer increases with the number of reinforce-

ment layers similar to laboratory triaxial experiments.

Figure 43 shows the spatial variation of contact force

chains for different reinforcement configurations at a con-

fining pressure of 100 kPa.

Samui and Sitharam [93] undertook a study to determine

the liquefaction susceptibility of soil using AI techniques.

The study predominantly used field tests i.e. Standard

Penetration Test (SPT) and artificial intelligence (AI) tools

i.e. artificial neural network (ANN) and Support Vector

Machine (SVM) for predicting the liquefaction suscepti-

bility of soils for a particular embankment site of ash pond

in Raichur, India. ANN is a tool that was derived from

similar functioning of the brain, which is connected using

units called neurons and enables transmission of informa-

tion within. The techniques enable us to consider various

inputs and consequent outputs and allow us to train the

machine to make further predictions based on them. The

study also uses the SVM tool which has been primarily

used as a classification tool. The inputs for this study using

AI techniques were corrected SPT value and PGA which

gave geotechnical and seismic input about the ground and

allowed the user to predict and classify the liquefaction

susceptibility of the ground. A comparative study has been

Fig. 42 Relationship between

pore pressure ratio and cycle

ratio for sand samples at various

relative densities, confining

pressure, percentage of silt

content and a wide range of

cyclic shear strain amplitudes

[118]
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further undertaken between field tests and AI techniques.

The results suggest AI can be used as a good tool for such

classifications and depicts that some portions of the site are

highly susceptible to liquefaction [76].

Balreddy et al. [21] and Balreddy et al. [22] studied the

effect of fines on pore pressure development during cyclic

loading using a series of stress-controlled cyclic triaxial

undrained shear tests conducted on a reconstituted sample

of sand–fines mixtures. The prime consideration of the

study was to evaluate the pore pressure build-up in the

considered soil types to further study their susceptibility to

liquefaction. For the study, the sand was procured from the

Cauvery river bed, Karnataka and locally available low

plasticity clay fines were used to prepare reconstituted

sand–fines mixtures with the fine contents ranging from 0

to 30 percentages. The effect of cyclic loading in undrained

conditions on sand-fine mix soil types and their suscepti-

bility to liquefaction was assessed. It was observed that the

soil mixes with low fine content failed by flow liquefaction

whereas higher fine content showed a failure pattern by

cyclic mobility. These results indicated that the presence of

fines reduces the pore pressure build-up when compared to

clean sand.

Experimental and analytical studies to assess the

dynamic behaviour of soils are unavoidable in geotechnical

earthquake engineering. Cyclic triaxial tests on undisturbed

samples collected from the field and DEM of soil samples

are necessary inputs in assessing the liquefaction suscep-

tibility and understanding the soil–structure interaction

during seismic loading. From various studies, the author

quantified the effects of fines on pore pressure development

during cyclic loading and studied the soil susceptibility to

liquefaction. DEM was used to explain the behaviour of

stress-paths and to study the evolution of the internal

variables such as induced anisotropy during deformation

along with the macroscopic behaviour of the assemblage in

drained and undrained shear tests. It was found that DEM

simulations are capable of reproducing realistic compres-

sion and shear behaviour of granular materials. Effect of

various soil parameters liquefaction behaviour and pore

water pressure generation were studied and it was observed

that the liquefaction susceptibility of the sandy soils was a

function of parameters like shear strain amplitude, initial

relative density, initial effective confining pressure, and

non-plastic fines. Further, attempts were made to assess

liquefaction susceptibility of soil using AI techniques like

Fig. 43 Spatial variation of contact force chains for different reinforcement configuration at a confining pressure of 100 kPa [44]
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ANN and SVM and its suitability was proven for the

specific problem.

Shock and Blast Loading behaviour of Granular
Materials

Granular and porous materials-based protective layers have

proven to be very good shock-absorbing mediums.

Although sand material is widely used (as sandbags) till

date in civil and military applications as a blast mitigating

medium, the fundamental mechanism involved during the

impact of shock/blast wave on sand layers is not well

understood. To study this, Vivek and Sitharam [157] car-

ried out experimental investigations on the impulsive

response of sand to extreme loading conditions. A shock

tube facility was used to generate a planar shock wave and

further the facility was optimized to simulate the properties

of a blast wave. The study was divided into three parts

based on the type of loading imparted to the sand samples:

shock loading, air-blast loading, and buried-blast loading.

In part one—shock loading, the performance of the sand

barrier systems in attenuating the shock waves was

explored. The attenuation characteristics of various gran-

ular particles (coarse sand, fine sand, glass bead) were

investigated by analysing the reduction in peak overpres-

sure while being transmitted through the granular medium.

The attenuating capability of the sand barriers had appre-

ciably improved when the outer surfaces of the barriers

were retrofitted with a geotextile layer. In the second part, a

laboratory-scale experimental approach was presented for

evaluating the effects of air-blast on the sand layers. Efforts

have been made to study the stress wave propagation in

loose and dense sand medium and its direct consequences

on the vibrational response. Visualization of the sand

deformation was possible with the help of a high-speed

camera; displacement trajectories and strains contours were

obtained through Digital Image Correlation (DIC) analy-

ses. Part two also reviewed the applications of scaled air-

blast study on buried pipelines. By using dimensional

analysis procedure, shock tube experimental results were

scaled up to predict the real scale damage imparted to the

buried pipes during an air-blast explosion. Besides, a three-

dimensional finite element analysis of the test condition

was simulated using ABAQUS/Explicit to authenticate the

fidelity of the scaling laws. The third part—buried blast

loading, discussed the phenomenal aspects associated with

the sand deposits when exposed to a buried blast explosion.

Various events involved during the interaction of leading

blast wave with the sand medium, and characterizing the

outburst sand-ejecta were studied. The impulse and peak

pressure imparted to the rigid target were evaluated using

vertical pendulum and fast response pressure transducers.

Parametric studies involving different target Stand-off

Distance (SoD) with various Depth of Burial (DoB) of the

blast were presented in the study. It was found from the

study that sand ejecta has a greater influence on the impulse

at higher SoDs ([ 40 mm) and the maximum momentum

transfer is observed when SoD-to-DoB ratio is 2.5 [156].

Figure 44 presents the DIC computed strain contour for

loose sand and Fig. 45 presents the evolution of sand ejecta

for 32 mm DoB imaged at various time intervals.

Earthquake Preparedness

Sitharam and Kolathayar [116] with the vision of safe-

guarding the lives of people and minimizing the loss of

property due to earthquake, presented their book titled

Preparing for Earthquakes: Lessons for India [116]. This

book endorsed by the Indian Society of Earthquake Tech-

nology (ISET) presents the action plans to be undertaken

by the general public and public agencies before, during,

and after an earthquake event to reduce the disaster risk.

The authors presented general guidelines for individuals

and families in case of an earthquake on how to respond

before, during, and after an event. Specific guidelines for

households, schools, and business organizations were pre-

sented along with a note to the public policymakers. The

current scenario and the way forward on how to achieve a

prepared community and reduce the loss of lives and assets

were discussed in detail. A detailed action plan for how to

develop a resilient community for earthquake prepared-

ness, from forming a good team, understanding the hazard,

creating awareness to organizing community outreach

programs were discussed. A survey-based Earthquake

Readiness Index (ERI) tool for India was presented and

different earthquake readiness indices ranges were pre-

sented from 0 to 27, representing very poor to an excellent

degree of preparedness. The tool was designed in such a

way that a user could identify on which aspects of prepa-

ration more effort has to be taken to be actively prepared

for a major earthquake. Based on the survey conducted, a

comparison of the demographics-based mean indices at

individual and community level was presented and the

same is depicted in Fig. 46.

Development of Facilities—Seismic Broadband
Station, Cyclic Triaxial Equipment, Piezo-Vibro-
Cone System, Shake Table, Laminar Box

In an attempt to monitor the seismic activity and continu-

ously contribute to the Indian strong-motion network, a

Broad Band Sensor (BBS) was installed at the IISc campus

by the author and his team. A BBS is a precise earthquake
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monitoring equipment consisting of a velocity sensor,

recorder, hard disk, and a GPS. The sensor was installed

inside a small building on a hard bedrock outcrop inside the

IISc campus. Figure 47 shows the BBS setup installed in

the IISc campus. Further, IISc had procured 8 Strong

Motion Accelerographs (SMA) and installed them at

various sites on the campus. These include 6 strong-motion

and 2 shallow borehole triaxial force balance accelerome-

ters with 40 m cables. These accelerographs have a timing

accuracy of 0.5 ms due to synchronized sampling, 18 bits

resolution, and a dynamic range of 108 dB. The SMAs

have a full-scale range of ± 2 g and a trigger bandwidth of

Fig. 44 DIC computed strain

contour for loose sand (Graph

presents the variation of strain

along section Y–Y) [156]

Fig. 45 Evolution of sand

ejecta for 32 mm DoB imaged

at various time intervals [156]
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0.1–12.5 Hz. Figure 48a, b shows the SMA and borehole

sensors installed in the IISc campus.

Further, a state of the art cyclic triaxial testing facility,

piezo-vibro-cone system, a uniaxial shake table facility and

a laminar box was developed and installed in the Soil

mechanics laboratory of the Department of Civil Engi-

neering in IISc campus. The completely automated and

computerized cyclic triaxial testing facility was thereafter

used to study the behaviour of soils subjected to dynamic

loading, liquefaction behaviour and also to estimate the

dynamic soil properties such as shear modulus (G) and

damping (D) required for the design of geotechnical

structures subjected to earthquake loading. A servo-con-

trolled piezo-vibro-cone equipment consisting of a cone

penetrometer coupled with a hydraulic shaker to induce

Fig. 46 A comparison of the

demographics-based mean

indices at the individual and

community level [116]

Fig. 47 BroadBand Sensor installed in IISc campus
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liquefaction locally in the vicinity of the probe during

penetration at desired depth was developed by the author.

The indigenously developed piezo-vibro-cone has three

built-in sensors, a load cell for tip resistance, load cell for

skin resistance, and a piezo-sensor for pore pressure mea-

surement. A shake table of usable size 1 m 9 1 m, with

provisions for hydraulic actuators, velocity and accelera-

tion transducers, alternative top plates to represent different

roughness of the table–model structure interface, and a

30kN servo-actuator for the horizontal motion were also

developed with key inputs from the author. A laminar box

that incorporates the idea of rotation of endplates was also

designed installed in the laboratory.

Outreach Activities

The author has been very active in supporting the various

State and National Disaster Management Authorities

(SDMA and NDMA) and other government bodies with

timely reports on the studies of various earthquakes, their

effects, site studies, preparedness and more, especially

during the Bhuj earthquake of 2001 and Nepal earthquake

of 2015. The author acted as the Chairman of the Working

Committee of Experts formed by NDMA, to prepare the

national guidelines for geotechnical/geophysical tests for

seismic microzonation in India. The author has executed

several projects related to geotechnical earthquake engi-

neering, funded by the Ministry of Earth Sciences Govt. of

India, ISRO, BRNS, DST, and industry. Continuous efforts

are made for the last two decades to raise public awareness

in the field of earthquake engineering and preparedness

through interviews, interactions, webinars, newspaper

articles, and social media. To name a few, recent articles

like ‘On shaky ground’ in the pioneer (Aug 6, 2020) and

‘Recent earthquakes not unusual but disaster management

plans needed in Delhi: Experts’ in The Print (June 7, 2020)

have stressed the author’s statements in preparing the

communities to face earthquakes and the importance of

earthquake-resistant designs.

Conclusion

Geotechnical considerations are crucial in the successful

design of any part of the built environment. There is a

strong need to raise awareness on the importance of the

application of geotechnical skills and knowledge in every

aspect of building developments. This will involve the

following: a review of the geological, seismological, and

geotechnical context of the development site; specific

investigation and gathering of geotechnical and related

data; development of geotechnical design parameters

appropriate to the building development and the site; due

account of geotechnical considerations in the design of the

building development so that it meets the requirements of

the building code; due consideration of geotechnical fac-

tors, including overall land stability, before the issue of

resource and building consents; review of geotechnical

conditions and modification of design details as necessary

during construction. DEM and simulation of the dynamic

behaviour of soils were carried out and it was found to

closely represent the actual soil behaviour when compared

with laboratory and field dynamic tests on the soil

Fig. 48 a SMA and b Borehole Sensor installed in IISc campus
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[35, 38, 146]. Similar was the case with the application of

ANN and SVM towards liquefaction studies [76]. These

could be effectively utilized for liquefaction studies and in

estimating the susceptibility. Comprehensive seismic haz-

ard studies, site characterization, liquefaction susceptibil-

ity, and microzonation was carried out in the macro-level

for the whole country, Himalayan region, and the penin-

sular region, and in the meso level for states like Kar-

nataka, Sikkim, Tripura, Mizoram and in the micro-level

for cities like Lucknow, Bangalore, Mangalore, Delhi,

Agartala, etc. [1, 5, 19, 51, 67, 69, 78, 140]. Region-

specific GMPEs were developed, using which SHA was

carried out for the Indo Gangetic Basin region and the

North and North East Himalayas [1, 67, 78]. Recent

developments in JTFA techniques were also explored and

effectively used to synthesize reliable ground motion for

the Himalayan region for scenario earthquakes; without

compromising the quality of the frequency contents of the

signals [78]. With a vision of ‘Zero tolerance to avoidable

deaths due to earthquakes’, significant contributions were

made by the author in the field of Geotechnical Earthquake

Engineering, which helped to revamp the perception

towards earthquake studies and the need for better design

and preparedness in the country.
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