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Abstract
Probabilistic seismic hazard assessment (PSHA), including a site-specific amplification study, is crucial to evaluate site-
specific spectra of soil sites to better understand the behavioural patterns of the soils under earthquake excitation. This paper 
represents the results of the PSHA for Assam state, located in the highest seismic zone of India ever delineated to date. In that 
sense, the study area is divided into ten areal zones concerning seismicity source modelling to represent the seismo-genesis 
of the Assam state in detail. The earthquake recurrence parameters of each zone are obtained from Gutenberg–Richter (G–R) 
recurrence relation with updated homogenized and de-clustered earthquake catalogue from 1735 up to 2021. Earthquakes 
with magnitude greater than 4 (M > 4) are considered using eight attenuation relationships for continental active shallow 
crust region, subduction zone and intraplate region. Hazard curves are obtained using a logic tree structure thus minimiz-
ing the epistemic uncertainty. The peak ground acceleration (PGA) value obtained at the rock outcrop of the Assam state 
for 10, 5, 2, and 0.5% probability of exceedance in 50 years with return periods such as 475, 975, 2475, and 9975 years lies 
between 0.24 and 0.34 g, 0.3 and 0.44 g, 0.42 and 0.59 g, and 0.56 and 0.91 g, respectively. The estimated PGA value at 
rock outcrop level is comparatively higher than that reported in the codal provisions. Site-specific response spectra at bed-
rock level (Vs = 1100 m/s) for major cities (Jorhat, Tezpur, Silchar, Dibrugarh, Guwahati, Nagaon) of Assam state have been 
proposed for different earthquake return periods of 475,2475, and 9975 years. Finally, site amplification study is performed 
for Guwahati city and surface level 5% damped response spectra with PGA of 0.696 and 0.924 g are obtained for earthquake 
a return period of 2475 and 9975 years, respectively.

Keywords Probabilistic seismic hazard analysis (PSHA) · Assam · Uniform hazard spectra (UHRS) · Site amplification

Introduction

The northeast part of India is one of the most tectonically 
active zones in the world. This region has witnessed several 
devastating earthquakes, such as Cachar earthquake (1869, 
Mw 7.8), SW Assam earthquake (1930, Mw 7.1), Dhubri 
earthquake (1931, Mw 7.1), NE Assam earthquake (1943, 
Mw 7.6), and upper Assam earthquake (1950, Mw 8.7). 
Recently, in 2021 this region has experienced an earthquake 
of magnitude, Mw 6.3. The Indian standard code BIS (BIS-
1893 2016) has described this region as the intensity-based 
highest seismic zone of India. A Maximum Credible Earth-
quake (MCE) response spectrum having return period of 
2475 years with peak ground acceleration (PGA) of 0.36 g 
is specified for this region by the code. The spectra sug-
gested by the code are being used by the designers as surface 
level spectra and are generalized for the entire zone ‘V’. 
However, this entire area has many faults and is associated 
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with collision tectonics due to subduction of Eurasian plate 
beneath the Indian plate. Moreover, the alluvium deposits 
of the rivers and their tributaries in this region have filled 
the tectonic depressions. The area, especially Guwahati 
city (Kumar et al. 2017), has vast areas of land with large 
variation in soil deposits, ranging from alluvial soil to stiff 
soil. Such an active fault zone with large variation in the 
soil strata has high potential of seismicity. Furthermore, the 
depth of soil strata is generally over 30 m and hence, the 
spectra developed at rock outcrop will be further enhanced 
due to soil amplification. The complex geology and high 
seismic fragility, therefore, necessitates the evaluation of 
seismic spectra with site effects for this region utilizing the 
probabilistic approach.

Various researchers (Firtana-Elcomert and Kocaoğlu 
2021; Rehman et al. 2014; Sisi et al. 2017; Votsi et al. 2011) 
around the world, performed seismic hazard assessment of 
many sites, while seismic hazard studies of India were con-
ducted by several other researchers (Chingtham et al. 2019; 
Mukhopadhyay et al. 2009; Muthuganeisan and Raghu-
kanth 2016a, b; Pallav et al. 2015; Shanker and Singh 2007; 
Tsapanos et al. 2016; Yousuf and Bukhari 2020). Khattri 
et al. (1984) generated a seismic hazard map of India and its 
adjacent area and evaluated the PGA at bedrock level with 
a return period of 475 years. He divided India into 24 seis-
mic zones based on historical seismicity, regional geology, 
and seismotectonics. Other researchers (Anbazhagan and 
Abraham 2020; Parvez and Ram 1999; Parvez et al. 2003; 
Sharma 2003) obtained the seismic spectra of India based 
on probabilistic seismic hazard analysis (PSHA) as well as 
deterministic seismic hazard analysis (DSHA). Parvez and 
Ram (1999) prepared the seismicity map of India. They 
divided the region into six zones and then utilized the de-
clustered earthquake events occurring within the period 
of 1963–1994. Lindholm et al. (2016) conducted seismic 
hazard assessment of Peninsular India and their study dem-
onstrated that Gujrat and Koyna region is subjected to high 
seismic demand. Corigliano et al. (2012) carried out PSHA 
of Kancheepuram and Patil et al. (2018) carried out PSHA 
of Vijayapura in South India. The PGA of 0.075 and 0.132 g, 
respectively, was evaluated for Kancheepuram for return 
periods of 475 and 2475 years, respectively. Similarly, PGA 
of 0.074 and 0.142 g was obtained for Vijayapura for the 
same return periods. Anbazhagan et al. (2019) performed 
seismic hazard analysis of Patna region based on logic tree 
approach and evaluated the PGA in the range of 0.3 to 0.38 g 
for 2475 years of return period.

Much research has been carried out to date to obtain 
the PGA values in Northeast India for different return 
periods (Bahuguna and Sil 2020; Baro et al. 2020; Borah 
et al. 2021; Das et al. 2006, 2016b; Ghione et al. 2021; 
Kolathayar et al. 2012; Nath and Thingbaijam 2012; Pallav 
et al. 2015; Sil et al. 2013; Sitharam and Sil 2014). Das 

et al. (2006) performed seismic hazard analysis of north-
east region and proposed a new attenuation relationship 
using 261 earthquakes. The earthquake hazard in northeast 
region was estimated by Nath et al. (2008) based on seis-
mic micro-zonation technique. In his study, deterministic 
seismic hazard analysis was performed. Later, Kanth and 
Dash (2010) estimated the ground motion of past seismic 
events and predicted one future event based on the seismo-
logical approach in the northeast region. Seismic hazard 
map of Manipur state was obtained by Pallav (2010) using 
DSHA and PSHA approach. Devi and Kalita (2014) also 
attempted to generate a seismic hazard map of northeast 
region for 10 and 30% probability of exceedance (POE) in 
50 and 100 years, respectively. In 2016, Das et al. (2016a) 
generated a seismic hazard map of northeast region at bed-
rock level considering seismic catalogue till 2010. They 
reported a significant local variation of seismic hazard 
estimates. In 2020, seismic hazard analysis of Assam was 
performed by Bahuguna and Sil (2020) with PSHA and 
DSHA methods. Baro et al. (2020) performed seismic haz-
ard analysis in the Shillong Plateau and reported that the 
Oldham fault can cause seismic potential in the Shillong 
Plateau region. Recently in 2021, PSHA was performed by 
Ghione et al. (2021) in India and Bhutan region based on 
hybrid model by combining distributed seismicity using 
catalogue till 2017. They found significant bedrock level 
PGA of about 0.35 g in Northeast India for 10% probabil-
ity of exceedance in 50 years. Ramakrishnan et al. (2021) 
conducted seismic hazard analysis for North and Central 
Himalaya region based on region specific GMPEs.

To date, a lot of research is carried out in obtaining the 
PGA values in Northeast India for different return periods. 
However, probabilistic seismic hazard evaluation along 
with the incorporation of the site effects for the northeast-
ern region considering seismic catalogue which includes 
instrumented data and pre-instrumented data, collected from 
1735 to 2021 is not attempted until now. The soil strata of 
Guwahati region have soil ranging from stiff soil to soft allu-
vial soil spread over vast stretches as obtained from the bore-
hole data of the region (Basu et al. 2019; Kanth et al. 2008; 
Kumar and Krishna 2013). The evaluation of surface soil 
spectra by carrying out site amplification studies of Guwa-
hati region is of utmost importance. Consideration of the 
site effects integrated with PSHA spectra obtained at rock 
outcrop, is a novel work for Guwahati region. It will give 
the insight of actual spectra input for seismic evaluation of 
structures located in Guwahati city.

In the present study, seismic hazard curves for the 
Assam state are generated for 10, 5, 2, and 0.5% probability 
of exceedance in 50 years which correspond to 475, 975, 
2475, and 9975 years of return periods, respectively. The 
key components of PSHA analysis are to determine the seis-
micity parameter of the study area and the estimation of 
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maximum probable earthquake. The seismicity parameters 
are calculated using the relationship developed by Guten-
berg and Richter (1944). The study area consists of differ-
ent tectonic features like shallow active crustal regions and 
subduction zones. Various seismic attenuation relationships 
are considered for each region. The logic tree approach is 
used to reduce the epistemic uncertainty considering dif-
ferent ground motion parameter equations and seismicity 
parameters. The outcomes of the study are presented in the 
form of the uniform hazard response spectra developed at 
the rock outcrop for six major cities located in Assam state. 
The surface level spectra are then developed using detailed 
soil amplification study performed for the Guwahati region 
and a new 5% damped response spectra for Guwahati region 
is proposed.

Geological and seismotectonic background

The northeast region and Assam have high seismicity as 
three major seismic plates namely the Indian plate, the 
Eurasian plate, and the Sunda plate converges in this 
region. The Indian intra-plate region in south-east, is 

bounded in north by Himalayan Mountains and in the 
southeast by Indo-Burmese Mountains. A shaded relief 
map of the study region is represented in Fig.  1. The 
Assam state is divided mainly into three physiographic 
domains, i.e. Brahmaputra valley, Assam valley, and 
Central Assam hills. Major part of the Northern Assam 
is covered by Brahmaputra valley and the Mikir hills with 
North Cachar hills lying in central Assam region. Alluvial 
soil deposits are found in major part of the Assam region 
due to the presence of the Brahmaputra river and Barak-
Surma river. During the formation of Himalaya, a hairpin 
bend was formed near the northern part of Assam region 
(Roy and Purohit 2018).NS compression is generated 
owing to the convergence of Indian and Eurasian plate. 
However, the direction of the compression and orienta-
tion of seismo-tectonic stresses are not accurately known 
in Indo-Burma region and Assam syntaxis. The Assam 
syntax is formed due to the convergence of Himalayan 
and Indo-Burma mountain ranges and the Shillong Plateau 
along with the Mikir Plateaus are located between these 
two boundaries. Large Bengal basin which lies below the 
Assam valley has two structural regions separated by hinge 
zone extending in NE-SW direction from east of Kolkata. 

Fig. 1  Shaded relief map and seismotectonic features of Assam and 
adjoining region. All faults and major tectonic features are repre-
sented as numbers: 1: Naga thrust, 2: Main boundary thrust, 3: Main 
Central thrust, 4: Dhubri fault, 5: Brahmaputra fault, 6: Kopili fault, 
7: Dauki fault, 8: Sylhet fault, 9: Mikir hills, 10: Mishmi thrust, 11: 

Arakan trench, 12: Mizo folds, 13: Chin hills, 14: Dhirang thrust, 15: 
Eastern boundary thrust, 16: Indo-Basin ranges, 17: Kabaw fault, 18; 
Volcanic line, 19: Sagaing fault, 20: Naga hills. The major cities of 
Assam are represented as: C-1: Jorhat, C-2: Dibrugarh, C-3: Silchar, 
C-4: Tezpur, C-5: Guwahati, and C-6: Nagaon
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The study area is broadly subdivided into 4 parts such as 
Eastern Himalayas, Indo-Burma region, Assam valley, and 
Shillong–Mikir Plateau (Angelier and Baruah 2009) as 
explained henceforth.

Eastern Himalayas

The world’s largest orogenic belt is the Himalayan belt 
as shown in Fig. 1. The Main Central thrust (MCT) and 
Main Boundary thrust (MBT) are two major seismotec-
tonic features of eastern Himalaya. MCT was developed 
in mid-tertiary times and Valdiya (1980) reported minor 
recent movement in the MCT. The MCT demarcates the 
higher Himalayas to the north and lesser Himalayas to the 
south. MBT creates major discontinuities in lesser Hima-
layan zones and sub-Himalayan zones, and hence is cur-
rently considered as zone of intense seismicity and disas-
trous earthquakes. Jouanne et al. (2004) carried out satellite 
geodesy studies since 1995 and reported that the N-S con-
vergence rate between the Himalayas and Indian craton was 
10–15 mm/year. The 1950 Assam earthquake with magni-
tude Mw 8.7 is reported in this region.

Indo‑Burma region

Another major region, located on the eastern side of Assam 
is the Indo-Burma region, which includes Indo-Burma range 
and central Myanmar basin. In this region, numerous active 
faults are observed. It is observed by researchers that, at the 
location where the Indian plate dips eastwards along the 
Indo Burma arc, convergence and subduction of Indian plate 
has occurred. There are different views among the research-
ers regarding the seismic activity in this zone. Based on 
recent studies of the GPS geodetic data of past 11 years, 
Socquet et al. (2006) reported an active movement of Sunda 
plate with a relative velocity of 35 mm/year in NE direc-
tion with respect to Indian plate. He also reported active 
movement in Sagaing fault and Tripura belt region. Figure 1 
shows that the structural trend changes from NE-SW direc-
tion in Naga hills to N–S direction. The eastern Tripura fold 
system, is located in the front of the Indo-Burma ranges 
and is a typical fold-and-thrust belt. A fan-shaped series of 
folds are clearly visible with morphological expression in 
the westside of the Tripura belt.

Assam valley

This region is covered by two young moveable mountain 
belts in northeast and southeast directions, which trends in 
ENE-WSW direction. The distance between upper Assam 
and front Assam to the MBT and Naga thrust is about 
100 km. The north-east part of this zone is sealed with 

the Mishmi thrusts. The Brahmaputra lineament is located 
from upper Assam to Dhubri fault. The Brahmaputra river 
flows throughout the Assam valley in westward direction 
and later flows towards south as shown in Fig. 1. Nandy 
(2001) reported that the basement thickness is 5 km thick 
in upper Assam and it thins out towards the Mikir hills. The 
Kopili fault, is a transverse fault zone with NNW-SSE trend 
and crosses Assam valley between the Shillong and Mikir 
Plateaus. Very less seismic activity is reported in Assam 
valley region.

Shillong–Mikir Plateau

The Shillong Plateau is an uplifted part of the Indian plate 
and it mainly consists of crystalline rocks. This plateau part 
is shifted to the east by 300 km along Dauki fault from the 
peninsular shield (Kayal et al. 2006). The Brahmaputra fault 
is located in the northern boundary of the Shillong Plateau. 
The Shillong Plateau and adjacent Mikir hills are separated 
by NW–SE trending Kopili lineament. One of the major 
thrust fault in Shillong Plateau is the Dapsi thrust (Nandy 
2001). The north and south side of the Shillong Plateau are 
covered by the E-W trending Brahmaputra and Dauki faults, 
respectively. The great Assam earthquake in 1897 occurred 
due to the seismotectonic activity of the region. This earth-
quake caused upliftment of the east side of the Chedrang 
fault which gave rise to lake on the west side of the Plateau. 
The Oldham fault is located on the northern boundary of the 
Shillong Plateau (Bilham and England 2001).

Seismotectonic context

The annual rate of occurrence of earthquakes above some 
minimum magnitude is required for the determination 
of source seismicity based on recurrence relationships. 
The activity of any source zone can be obtained by two 
approaches, one from the past earthquakes in the region and 
the other from the local geology and tectonic information. 
The historical and instrumented seismic data are required 
for the evaluation of potential seismic sources in the study 
area. Here, the seismic events within the region of longi-
tude 87°E–100°E and latitude 20 N–30.5 N are considered 
(Fig. 2). Detailed documentation of seismic features of the 
area, like seismic faults, seismic lineaments and earthquakes 
of moment magnitude, Mw greater than 4 (Iyengar et al. 
2010) are required to be acquired in order to perform the 
seismic hazard analysis. The entire study region is divided 
into a grid size of 0.05° × 0.05°. The area surrounding 
300 km distance from the centre of each grid on the state 
boundary of the Assam is considered as a study area because 
the ground motion prediction equations (GMPEs) used in 
the analysis phase are applicable for hypo-central distance 
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within 300 km. The seismic activity, tectonic features, and 
pertinent parameter maps are obtained from the seismotec-
tonic atlas (SEISAT 2000) and available published litera-
ture. The detailed tectonic features within the study area are 
shown in Fig. 1.

Earthquake catalogue

Earthquake data are obtained from various seismological 
agencies such as the National Earthquake Information Centre 
(NEIC) of United States Geological Survey (USGS), National 
Centre for Seismology (NCS) and International Seismologi-
cal Centre (ISC) for selecting the earthquake events. Dupli-
cate earthquake data are eliminated and total 5122 earthquake 
events are compiled in between latitude 22 N–30 N and lon-
gitude 88°–98°E. The collected earthquake data are generally 
reported in different formats like, moment magnitude (Mw), 
surface-wave magnitude (Ms), body wave magnitude (mb), 
and local magnitude (ML). All reported events of various 
magnitude scales are converted to moment magnitude (Mw) 
to achieve the uniformity in earthquake magnitude. Sitharam 
and Sil (2014) proposed relationships for converting all the 
events into moment magnitude (Mw) based on the data avail-
able for the Northeast India region. In the present study, a 
homogenized earthquake catalogue of moment magnitude is 

generated using relationships proposed by Sitharam and Sil 
(2014). The proposed relationships are given in Eqs. (1)-(3). 
The reported intensity (modified Mercalli intensity (MMI)) 
scales are converted to moment magnitude (Mw) by using 
(Das et al. 2012) empirical relationships given in Eq. (4). 
Details of earthquake locations are shown in Fig. 2:

Angelier and Baruah (2009) reported that the average 
depth of earthquake in Indo-Burma region varies from 67 
to 77 km and that in Eastern Himalaya region it varies from 
26 to 33 km.

De‑clustering of earthquake catalogue

Generally, an earthquake catalogue consists of two parts 
one is an independent event, called the mainshock and the 

(1)Mw = 0.862mb + 1.034,

(2)Mw = 1.926ML − 0.943,

(3)Mw = 0.625Ms + 2.350,

(4)Mw = 0.762MMI + 0.865.

Fig. 2  Regional seismicity map of the study region with seismic 
source zone used for PSHA analysis: Z-1: Seismic Zone 1, Z-2: Seis-
mic Zone 2, Z-3: Seismic Zone 3, Z-4: Seismic Zone 4, Z-5: Seis-

mic Zone 5, Z-6: Seismic Zone 6, Z-7: Seismic Zone 7, Z-8: Seismic 
Zone 8, Z-9: Seismic Zone 9, Z-10: Seismic Zone 10
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other one is a dependent event such as aftershock, fore-
shock, or multiplets. The primary goal of the declustering 
procedure is to separate the independent event from the 
catalogue as identification of independent earthquakes 
in the catalogue is very essential for applications in seis-
mology like determination of seismic hazard of a site 
(Nas et al. 2019). Thus, declustering removes dependent 
earthquakes which form seismicity clusters. Decluster-
ing methods generally have parameters related to spatio-
temporal clustering as well as epicentre and source depth 
distributions. Researchers (Gardner and Knopoff 1974; 
Reasenberg 1985; Uhrhammer 1986) have suggested vari-
ous methods for declustering the earthquake catalogue. In 
this paper, declustering of earthquake data is performed 
using empirical criteria developed by Uhrhammer (1986). 
Das et al. (2012) has used this method for declustering the 
earthquakes of northeast region. This criterion depends 
on the distance window and time window. The decluster-
ing process is carried out by ZMAP6 software developed 
by Wiemer (2001). The raw catalogue has 5122 num-
ber of earthquakes of M

w
≥ 4.0 from year 1735 to 2021. 

Later on, after declustering, 3636 number of independent 
earthquakes are determined. No manual intervention was 
made. The detailed regional seismicity map of the North-
east India and adjoining region is presented in Fig. 2. In 
this seismicity map, earthquakes of magnitude, Mw > 4 
onwards are superimposed.

The seismic source models

The source models, based on the seismic zones, are gen-
erated for the computation of the hazard map. Several 
researchers (Baro et al. 2020; Das et al. 2016a; Ghione 
et al. 2021; Iyengar et al. 2010; Pallav 2010; Sil et al. 2013) 
conducted PSHA study in Northeast India. In their study, 
respective researchers subdivided their study region in vari-
ous seismic zones using different philosophies. Pallav (2010) 
subdivided the study region in 10 seismic zones based on the 
tectonics and the local geology of the region. Sil et al. (2013) 
divided the study region into 6 different seismic zones based 
on visual distribution of events patterns and orientation of 
the sources. Baro et al. (2020) identified seismic zones 
based on geology variation and tectonics. In the present 
study, the main principle applied in the zonation process 
is to represent the seismicity and tectonics as balanced as 
possible. The seismicity is reasonably uniform within each 
area zone and hence for hazard analysis of the study area, 
areal type sources are considered. The basic assumption 
of the area source is that earthquakes may randomly occur 
anywhere near the source and each zone of the source has 
the same source properties. Each zone has uniform seismo-
tectonic characteristics and its size is large enough for get-
ting a better assessment of recurrence parameters. In the 

aforementioned section, a brief description of seismicity of 
the study area is explained. A detailed tectonics of the study 
area based on fault mechanism was explained by Angelier 
and Baruah (2009). They studied the seismo-tectonics in 
Northeast India proceeding with the focal mechanism solu-
tion of earthquakes and divided the study area into 10 zones. 
In the present study, similar seismic zones are adopted for 
PSHA analysis. Details of the source zones are shown in 
Fig. 2. The first four zones considered, are essentially made 
of eastern Himalayan region and comprise Tibetan Hima-
laya, Bhutan Himalaya, Arunachal Himalaya, and Mishmi 
thrust region. Zone 1 consists of Tibetan Himalaya, Zone 
2 comprises Bhutan Himalaya which is the west part of 
the Himalayan frontal thrust. Zone 3, named as Arunachal 
Himalaya is characterized by reverse fault mechanism and 
Zone 4 called as Mishmi thrust region is an essential tec-
tonic domain area. The next three zones consist of Tripura 
belt, Shillong Plateau and Assam valley which indicates the 
intraplate region of Indian plate. The Zone 5 of Tripura belt 
region has a lesser number of the recorded earthquakes, but 
this region shows both mechanisms of fault failure such as 
strike-slip and reverse mechanism. Zone 6 represents the 
Shillong Plateau area. Zone 7 is characterized as the Assam 
valley region. The last three zones considered in the pre-
sent work, constitute the parts of Indo-Burma region. These 
three zones comprise south and east Indo-Burma region and 
Sagaing fault region. The Indo-Burmese subduction zones 
are represented by Zone 8 and Zone 9 where mixed kind of 
fault mechanism is observed. Zone 10 represents Sagaing 
fault region having large number of active faults.

Estimation of seismic parameters

The Gutenberg–Richter frequency-magnitude distribution 
(FMD) enables earthquake sources to generate earthquakes 
of different magnitudes. Gutenberg and Richter (1944) were 
the first to develop a functional form for the relationship 
between earthquake magnitude and occurrence rate, giving 
a negative exponential distribution as reported in Eq. (5):

where N is the annual rate of occurrence of earthquakes with 
M > m, ‘a’ is the rate of occurrence of all earthquakes, and 
‘b’ is the relative distribution of earthquakes with respect to 
magnitudes. A higher b-value indicates a larger proportion 
of seismic moment released by small earthquakes in pro-
portion to large earthquakes. ‘a’ and ‘b’ are obtained from 
the available observations. Usually, ‘b’ is close to 1.0. A 
traditional Gutenberg–Richter FMD allows for earthquakes 
of any magnitude, but in reality, the source may not be capa-
ble of producing earthquakes beyond a certain threshold. 
In order to account for these constraints, a truncated FMD 

(5)logN = a − bm,
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is used to specify a maximum magnitude (Mmax), simply 
by cutting the FMD at this magnitude. The FMD is addi-
tionally cut at a minimum magnitude (‘double-truncated’), 
below which earthquakes are not contributing to the haz-
ard. Truncated Gutenberg–Richter FMDs are commonly 
used in the hazard model. When FMDs are produced for 
a source zone the upper magnitude is determined by Mmax. 
The relationship between magnitude and the total number of 
earthquakes greater than a magnitude M in any given region 
and time period is expressed by the double truncated Guten-
berg–Richter law given in Eq. (6):

where, �(M) yearly number of earthquakes greater than or 
equal to of magnitude M. � = 2.303b, ‘b’ signifies the pro-
portion of small earthquakes relative to large earthquakes. 
The lower threshold magnitude and maximum regional 
earthquake magnitude is denoted here as Mmin and Mmax , 
respectively.

One of the primary objectives of the present research is to 
evaluate the spatial variability of seismicity parameters such 
as maximum magnitude, Mmax, slope of frequency-magni-
tude Gutenberg–Richter relationship and beta-value of the 
study area. For this purpose, the study area is divided into 
grid of 0.05° × 0.05°and seismicity parameters are evaluated 
at the centre of each grid. The seismic activity occurring 
within 300 km radius with minimum number of 150 earth-
quakes from the centre of each grid is considered for the 
evaluation. The steps followed to get the close estimation of 
seismic activity in each grid are described henceforth. First, 
the contributory part of the declustered catalogue using 
completeness test is evaluated as per the procedure given 
by Stepp (1972). Next, the time intervals of completeness 
of magnitude of different earthquake classes are determined 
using methodology given by Wiemer (2001). Based on dif-
ferent time intervals obtained from first two steps, different 
sub-catalogues are generated from the original declustered 
catalogue. Finally, the seismicity parameters are calculated 
by maximum likelihood procedure given by Kijko and Sell-
evoll (1989, 1992). Bajaj and Anbazhagan (2021) used the 
same procedure to determine the seismicity parameters of 
Indo-Gangetic Basin. The details of each of the aforemen-
tioned steps are given in the forthcoming section.

Completeness of earthquake data

The method proposed by Stepp (1972) is used for the com-
pleteness of earthquake catalogue with respect to time. In 
this method, the interval of class in which the earthquake 
class is complete is determined. The standard deviation 
of the annual occurrence rate is determined for different 

(6)

�(M) = �
(
Mmin

)exp [−�(M −Mmin

)]
− exp

[
−�

(
Mmax −Mmin

)]

1 − exp
[
−�

(
Mmax −Mmin

)] ,

earthquake magnitude bins and different time intervals. 
Generally, the distribution of earthquake magnitude with 
time is Poisson’s distribution. The earthquake magni-
tudes are grouped in four different bins, such as magnitude 
4 ≤ Mw < 5, 5 ≤ Mw < 6, 6 ≤ Mw < 7, and 7 ≤ Mw < 8.6 
using the earthquakes from declustered earthquake cata-
logue. Total number of earthquakes in each bin is obtained 
such that various sets of earthquakes in time intervals of 
10 years are formed in each bin. If the number of events 
in a magnitude bin per time interval for a sample set Ti of 
10 years, is  X1,  X2,  X3,…,  Xn, etc. then mean sample rate is 
calculated as per Eq. (7a):

where, total number of time interval is n. The variance in 
�� = �∕n . The standard deviation of the estimate of the 
mean for a time interval of 1 year is calculated by Eq. (7b):

where, T = the total sample time duration. From Eq. (7a) it 
is observed that, if mean rate, � is constant, then standard 
deviation would vary with 1√

T
.

The standard deviation of the estimate of the mean rate is 
plotted with sample time interval as shown in Fig. 3. A line 
with a slope of 1√

T
 is also plotted (Fig. 3). The time duration 

in years, at which there is a deviance between standard devi-
ation of sample mean rate and the tangent line with slope 1√

T
 

is considered as the time duration till which the earthquake 
magnitude range is complete. The completeness data, as 
shown in Fig. 3 consists of 2910 events having earthquakes 

(7a)λ =
1

n

n∑
i=1

Xi,

(7b)�� =

√
�√
T

,

Fig. 3  Completeness of earthquake magnitude by year
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of magnitude ranging from 4 ≤ Mw < 5 , 582 events with 
earthquakes of magnitude ranging from 5 ≤ Mw < 6 , 114 
events with earthquakes of magnitude ranging from 
6 ≤ Mw < 7, and 30 events with earthquakes of magnitude 
ranging from7 ≤ Mw < 8.7 . From Fig. 3, it is observed that 
e a r t h q u a k e  m a g n i t u d e  c l a s s e s  o f 
4 ≤ Mw < 5, 5 ≤ Mw < 6, 6 ≤ Mw < 7, and 7 ≤ Mw < 8.7  a r e 
complete for past 40, 50, 100, and 285 years, respectively. 
The completeness intervals of different earthquake classes 
of the study area are also mentioned in Tables 1 and 2.

The completeness of magnitude of each sub-catalogue 
needs to be determined. It is observed from the complete-
ness of seismic catalogue by Stepp’s method that earthquake 
with a magnitude range 4 ≤ Mw < 5 is complete for 40 years. 
Based on this data, the seismic catalogue is defined incom-
plete until 1980 and it is instrumented from 1981 to 2021.
Bajaj and Anbazhagan (2021) also considered magnitude 
range 4 ≤ Mw < 5 for determination of complete and incom-
plete catalogue for Indo-Gangetic basin. The magnitude 
of completeness (Mc) is defined as the lowest magnitude 
at which (100%) of the earthquakes in time volume scale 
are detected and derived for each sub-catalogue. ZMAP 

Software (Wiemer 2001) is used for evaluation of the tem-
poral variation of Mc by maximum curvature  method. The 
cumulative number of instrumented catalogue is shown 
in Fig. 4a and variation of Mc with time is represented in 
Fig. 4b. The slope of cumulative number of earthquakes is 
constant in 2 intervals. So, completeness intervals at each 
grid point have been classified as 1981 to 1997 and 1998 to 
2021. The completeness magnitude interval of each sub-
catalogue is determined based on the maximum curvature 
method (MAXC). As per the procedure of MAXC, the first 
derivative of the FMD curve is calculated, and magnitude 
attributed to the point of maximum curvature is defined as 
Mc. The main advantage of this method is that fewer number 
of events are required to get stable magnitude of complete-
ness of earthquake in comparison to the other methods of 
determination of magnitude of completeness like entire mag-
nitude range (EMR). In general, completeness of magnitude 
obtained from the MAXC procedure gives a smaller value 
of completeness of than EMR procedure (Leptokaropoulos 
et al. 2013). This value Mc is further used as the threshold 
magnitude in calculation of λ and β for the study region.

Table 1  Total number of 
earthquakes occurred in each 
decade

From To 4 < Mw < 5 5 < Mw < 6 6 < Mw < 7 Mw > 7 Total

1736 1746 0 0 0 1 1
1747 1757 0 0 1 0 1
1758 1768 1 0 2 0 3
1769 1779 0 0 0 0 0
1780 1790 0 0 0 0 0
1791 1801 0 0 0 0 0
1802 1812 2 1 0 0 3
1813 1823 2 3 1 1 7
1824 1834 4 2 1 1 8
1835 1845 1 6 1 2 10
1846 1856 2 6 1 0 9
1857 1867 2 5 2 0 9
1868 1878 1 0 3 1 5
1879 1889 1 3 1 0 5
1890 1900 0 0 0 1 1
1901 1911 0 2 2 2 6
1912 1922 0 0 2 2 4
1923 1933 0 0 8 4 12
1934 1944 0 0 5 5 10
1945 1955 0 53 29 5 87
1956 1966 0 25 11 0 36
1967 1977 107 55 7 2 171
1978 1988 448 111 8 2 569
1989 1999 712 115 11 1 839
2000 2010 706 78 5 0 789
2011 2021 921 117 13 0 1051

Total 2910 582 114 30
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The sub-catalogues of each grid are made and further 
used for calculation of the seismicity parameters. The meth-
odology given by Kijko and Sellevoll (MATLAB code HA2) 
is used for determination of maximum magnitude, Mmax, 
mean seismic rate, λ and the β value (which is 2.303b) of 
the FMD relationship. Spatial variation of ‘b’ value, which 
is obtained by the procedure mentioned by Kijko and Sell-
evoll (1992) at each grid location is shown in Fig. 5. ‘b’ var-
ies from 0.73 to 0.95. The highest seismicity is obtained in 

Himalayan region and Indo-Burmese region. The seismicity 
value gradually decreases towards Bengal basin. Raghukanth 
(2010) also obtained the similar ‘b’ value and Mc value in his 
study while estimating the seismicity parameters for entire 
India.

The maximum magnitude Mmax, is one of the source 
parameters which indicates the largest possible earthquake 
that can occur in a seismic zone. Researchers have suggested 
many methods to estimate the maximum possible earthquake 
of the region. In the present work, Mmax are estimated by 
Kijko (2004) and Gupta (2002) method. As per the method 
given by Kijko (2004), Mmax is determined at each grid loca-
tion based on the truncated G–R relations while according 
to the method given by Gupta (2002), Mmax is estimated 
by increasing the observed maximum magnitude value by 
0.5. The seismicity parameters and Mmax are also obtained 
for each of the seismic zones by Kijko (2004) method in 
order to use it as input parameter in PSHA analysis. This 
Mmax is considered as average of the Mmax obtained at each 
grid point for each zone. Mmax value for each zone is also 
evaluated utilizing the method given by Gupta (2002). The 
seismicity parameters namely, ‘b’ values, λ values, Mc and 
Mmax values obtained from the above-mentioned procedure 
for the respective zones are listed in Table 3. These values 
will be further used for performing PSHA analysis.

Ground motion prediction equation (GMPE)

GMPE generally relates the seismic parameter ‘Y’ such as 
PGA, or peak ground velocity (PGV) with earthquake mag-
nitude (M) and distance (r). A typical mathematical repre-
sentation of ground motion prediction equation is shown in 
Eq. (8):

where, M generally represents moment magnitude, and r 
refers to various types of distances such as epicentral dis-
tance, Joyner Boor distance, or closest distances as specified 
by some researchers. This attenuation relationship accounts 
for the attenuation of seismic energies of tectonic zones. 
The seismicity of the region considered is very complex and 
it consists of various tectonic zones, each having different 
tectonic characteristics. Hence, in order to assess the seis-
mic hazard of the northeast India region, proper selection of 
ground motion is very essential. The area under considera-
tion is divided into three categories- active tectonic region, 
active intraplate region, and subduction intraslab region. 
The eastern Himalayan region marked as Zone 1, Zone 2, 
Zone 3, and Zone 4 (Fig. 2) is considered as an active tec-
tonic region. Avouac (2015) also considered a similar tec-
tonic zone in his study. Shillong Plateau, Assam valley and 
Tripura belt, marked as Zone 5, Zone 6 and Zone 7 (Fig. 2), 

(8)Y = F(M, r),

Table 2  Years of magnitude completeness of different earthquake 
classes

Earthquake magnitude class Earthquake  
completeness  
period

Earthquake 
completeness 
years

4 ≤ M
w
< 5 1981–2021 40

5 ≤ M
w
< 6 1971–2021 50

6 ≤ M
w
< 7 1921–2021 100

M
w
> 7 1735–2021 285

Fig. 4  a Cumulative number of instrumented earthquakes (blue col-
our line represents the slope of the cumulative earthquake versus 
time); b Variation of Mc with years (the black line shows the variation 
of Mc value with time and dotted line represents the standard devia-
tion of variation Mc with time)
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respectively, is demarcated as active intraplate region (Nath 
and Thingbaijam 2011). Several researchers (Nath and 
Thingbaijam 2011; Steckler et al. 2016; Wang et al. 2014) 
stated that the Indo-Burma region, marked as Zone 8, Zone 
9, and Zone 10 in Fig. 2, is delineated as subduction intra-
slab zone. Due to lack of availability of strong motion data in 
the studied region, no particular GMPE has been developed 
for this region. For this case, generally GMPEs developed 
in different locations with same tectonic features are consid-
ered. Seismic zone 1 to 4 belong to active continental crust, 
hence attenuation relationships developed by Akkar and 
Bommer (2010), Chiou and Young (2014), and Sharma et al. 
(2009) are used. Moreover, a new attenuation relationship 

for active continental crust given by Chiou and Young 
(2014), which was developed based on global database, is 
also used. GMPE generated by Atkinson and Boore (2003), 
Lin and Lee (2008), and Zhao et al. (2016) are used for the 
subduction zone region which comprises Zones 8, 9, and 10. 
All three attenuation relationships used by these authors for 
the subduction zones are capable of predicting reasonably 
accurate ground motions from intraslab subduction earth-
quakes. Seismic Zone 5, Zone 6, and Zone 7 belong to active 
intraplate region hence for these zones, the attenuation rela-
tionship proposed by Atkinson and Boore (2006) and Nath 
and Thingbaijam (2011) are used. GMPE considered in this 
study, are chosen based on the GMPE selection criteria as 

Fig. 5  Seismicity parameter, ‘b’ 
value distribution of the study 
area

Table 3  Seismic zone 
parameters used for PSHA 
analysis

Zone details Mobs ‘b’ value Std. dev. of 
‘b’ value

Mc λ = N(Mc) Mmax 
(Kijko 
2004)

Std. dev. of 
Mmax  
(Kijko 
2004)

Mmax  
(Gupta  
2002)

Zone 1 8 0.9 0.06 4.2 6.04 8.53 0.24 8.5
Zone 2 8 0.909683 0.05 4.3 6.52 8.53 0.27 8.5
Zone 3 7.3 0.818324 0.07 4.5 6.89 7.9 0.26 7.8
Zone 4 8.6 0.816327 0.06 4.6 7.10 9.1 0.19 9.1
Zone 5 7.5 0.768563 0.08 4.4 1.95 8.1 0.28 8
Zone 6 8.1 0.877117 0.05 4.4 5.01 8.53 0.25 8.6
Zone 7 7.2 0.907512 0.05 4.3 1.11 7.6 0.21 7.7
Zone 8 8 0.84 0.03 4.5 9.09 8.6 0.27 8.5
Zone 9 7 1.046461 0.06 4.5 9.91 7.6 0.31 7.5
Zone 10 7.5 0.89 0.04 4.4 9.4 8.1 0.29 8
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proposed by Douglas et al. (2013) and also from the work 
published by Nath and Thingbaijam (2011) and Haque et al. 
(2020). Total 8 different attenuation relationships are used 
in PSHA analysis, 3 for active continental crustal region, 3 
for subduction zone, and 2 for Indian plate shallow crustal 
region. All the attenuation relationships are given in Table 4.

Logic tree formulation

Two types of uncertainties are associated with the earth-
quake data. First type of uncertainty is aleatory uncer-
tainty and other one is epistemic uncertainty. The aleatory 
uncertainty cannot be eliminated due to the random nature 
of earthquake and it is generally considered during hazard 
integral. The available know-how, initial assumptions, etc. 
are related to the epistemic uncertainty and this uncertainty 
can be reduced to the minimum by suitable application of a 
logic-tree (Bommer et al. 2005; Loi et al. 2018). In general, 
a logic tree has several nodes with multiple branches. Every 
branch in the logic tree is associated with parameters to rep-
resent the uncertainty in the analysis. The present PSHA 
analysis considers variation of seismicity parameters such 
as ‘b’ values, maximum magnitude (Mmax), and GMPEs in 

construction of the logic-tree. The structure of the logic tree 
is represented in Fig. 6. The logic tree reflects three different 
‘b’ values, two values of Mmax obtained from different meth-
odologies and eight number of GMPE models. The three 
‘b’ values used are mean, upper bound (mean + sigma), and 
lower bound (mean-sigma) for each zone. The weighting 
factor of ‘b’ value is obtained based on statistical basis pro-
posed by Grünthal and Wahlström (2006) and Suckale and 
Grünthal (2009). 0.68 weightage is assigned to the mean of 
the ‘b’ value and 0.16 weightage is assigned to the upper 
bound and lower bound of the ‘b’ values. Equal weight of 
0.5 is given to each of the Mmax values considered from two 
different methodologies. Due to the presence of a smaller 
number of strong motion signals in the study area, weightage 
assessment and subsequent ranking of GMPE is not carried 
out. Equal weightages are assigned to each of the GMPEs 
which are to be used as per their respective tectonic regions. 
Other researchers (Kolathayar et al. 2012; Nath et al. 2012; 
Rahman and Bai 2018) have also used equal weightage of 
all GMPEs considered by them in their study. The R-CRISIS 
software is used in PSHA analysis.

Table 4  GMPEs used in the 
PSHA analysis

GMPE GMPE used in different zones

Zone 1, 2, 3, 4 Zone 5, 6, 7 Zone 8, 9, 10

Attenuation-1 Akkar and Bommer (2010) Atkinson and Boore (2006) Atkinson and Boore (2003)
Attenuation-2 Chiou et al. (2014) Nath and Thingbaijam (2011) Lin and Lee (2008)
Attenuation-3 Sharma et al. (2009) – Zhao et al. (2016)

Fig. 6  Logic tree used in PSHA analysis (values in bracket show weightage factor)
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Computation model for hazard analysis

PSHA is performed to find out the probability of exceed-
ance of ground motion for a spectral period (Cornell 1968). 
Seismic hazard computation obtains the mean annual rate 
for specific motion, z and consequently calculates the prob-
ability of exceedance. The basic approach to find out the 
probability is proposed by Cornell–McGuire and is given 
in Eq. (9):

where, E(z,t) is the mean annual rate of exceedance of 
ground motion level z in a specified time t. N is the 
total number of source zone and vi is the mean rate of 
occurrence of earthquake in seismic zone i. fm(m) and 
fri(r) are the probability density function of magnitude 
and distance, respectively. The probability of exceed-
ance of ground motion level z for a given earthquake 
magnitude and distance is represented by P(Z > z|m, r) . 
The ground motion level z is obtained from the attenua-
tion relationship for a given magnitude and distance. In 
the present work, areal source method is adopted which 
assumes that the seismicity of the source is evenly dis-
tributed by unit area and consequently it performs a 
spatial integration by subdividing the sources. All the 
seismicity is assigned to a single point of a sub-source 
and spatial integration is performed in summation form. 
The seismic hazard analysis is performed using R-Crisis 
software, which is an open-source software. The double 
truncated G–R distribution is considered as FMD which 
is described by means of Mmin, Mmax and b-values which 
are reported in Table 3. Cumulative hazard curves are 
evaluated at bedrock level (VS equal to 1100 m/s) for 21 
numbers of different time periods such as 0.01, 0.02, 
0.03, 0.05, 0.08, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 
0.8, 0.9, 1.0, 1.2, 1.6, 2.0, 2.2, and 2.5 s. The hazard 
maps and uniform hazard spectra are generated at rock 
level for 10, 5, 2, and 0.5% probability of exceedance 
in 50 years which correspond to return periods (RP) of 
475, 975, 2475, and 9975 years, respectively. The spec-
tra generated with return periods of 475 and 975 years 
are generally used for design of general residential and 
industrial buildings. However, in order to design very 
important structures like chemical plants and nuclear 
safety related structures which involve offsite chemical/
nuclear hazard, seismic input spectra with return period 
of 2475 and 9975 years are necessary to be generated.

(9)E(z, t) =

N∑
i=1

vi

∞

∫
r=0

Mmaxi

∫
Mmin

fm(m)fri(r)P (Z < z|m, r) drdm,

Results and discussion

PSHA of Assam state is carried out by dividing the entire 
region in a grid size 0.05° × 0.05° and results of the anal-
ysis are presented in this section. Seismic hazard curves 
for PGA and twenty other spectral acceleration points 
are evaluated at bedrock level with Vs = 1100 m/s. Logic 
tree approach is used and all sources within 300  km 
distance from each grid point are considered for hazard 
evaluation.

The result of PSHA analysis is represented in the form 
of hazard maps as shown in Fig. 7 with different probabili-
ties of exceedance showing mean PGA levels in each map. 
It is observed from the maps that for the return periods of 
475, 975, 2475, and 9975 years, the PGA value varies from 
0.23 to 0.34 g, 0.30 to 0.44 g, 0.41 to 0.59 g, and 0.56 to 
0.91 g, respectively. PGA distribution shown in Fig. 7a–d 
deduces that central portion of the Assam state has lesser 
PGA level compared to upper Assam and Front Assam. The 
high value is observed in upper Assam and front Assam due 
to the presence of HFT and Indo-Burmese subduction zones, 
respectively. Similarly, hazard maps showing spectral accel-
eration, Sa/g corresponding to the time periods of 0.1 and 
1 s for the return period of 9975 years are shown in Fig. 8a 
and b. These maps with 0.1 s time period will have highest 
acceleration, which will be used for design of nuclear safety 
related structures with off-site nuclear hazard. It is observed 
from Fig. 8a that highest spectral acceleration for 0.1 s time 
period is about 2 g which is obtained for the region of Front 
Assam.

Uniform hazard response spectra (UHRS) of a site are 
required to be generated as it is used as input for seismic 
design of structures. The important structures are to be 
designed using spectra with higher return period (RP). Thus, 
it is very essential to generate spectra with various return peri-
ods in order to expand the applicability of the spectra to dif-
ferent types of structures. Each UHRS, for a particular return 
period, has the same probability of exceedance for PGA value 
and other spectral acceleration values. UHRS with 5% damp-
ing for six different cities of Assam region are thus obtained at 
rock level considering 475, 975, 2475, and 9975 years of RP. 
The six different cities of Assam state chosen for generation 
of UHRS are Jorhat, Dibrugarh, Silchar Tezpur, Guwahati 
and Nagaon and their location is shown in Fig. 1. Response 
spectra for six cities of Assam are presented in Fig. 9a–f, 
respectively. Among all these cities, it is observed that the 
cities of Tezpur and Guwahati city have high seismicity and 
their UHRS with RP of 9975 years has a high value peak 
of about 1.38 and 1.47 g, respectively. The PGA of UHRS 
of these two cities is about 0.63 g with RP of 9975 years. It 
is observed from the UHRS developed for all the cities that 
the peak lies at time period of 0.1 s and hence short period 
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structure will attract more force than long period structure. 
The PGA values and spectral acceleration values correspond-
ing to time period 0.1 s (Sa/g with 5% Damping) for all six 
cities are reported in Table 5. Das et al. (2016b) also evalu-
ated PGA value of various cities in Assam for 10% POE in 
50 years and the results obtained in the present work are in 
good agreement with their results. The comparison of PGA 
with RP of 475 years and 2475 years obtained for Guwahati 
city with respect to that acquired from published literature is 
shown in Fig. 10. In present work, PGA value for Guwahati 
obtained with RP of 475 and 2475 years are 0.25 and 0.42 g, 
respectively, at rock level (shear wave velocity of 1100 m/s). 
The PGA value is in good agreement with the results obtained 
by the other researchers (Das et al. 2016b; Raghukanth 2010). 

However, deviation of PGA value is observed with the PGA 
obtained by few researchers (Bahuguna and Sil 2020; Ghione 
et al. 2021; Nath and Thingbaijam 2012; Sharma and Malik 
2006). The deviation of the results may be observed due to 
different attenuation relationships and different seismic source 
models used by them.

Soil amplification study

Guwahati is one of the major cities of Assam region and is 
situated on the banks of Brahmaputra River so commonly 
marshes cover this region. Its soil profile also consists of 
filled alluvium deposits overlying the hard rock. These 

Fig. 7  Contours of PGA variation of Assam state in g for the different return periods: a for return period 475 years, b for return period 975 years, 
c for return period 2475 years, d for return period 9975 years
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loose soil deposits, topography, valleys and the water 
bodies of Guwahati are expected to intensify the seismic 
hazard of this region. Thus, there is a need to carryout 
site amplification studies for this region in order to obtain 
the surface level spectra. Site-specific response spectra 
of Guwahati region are obtained with the peak ground 
acceleration at the bedrock level as 0.42 and 0.63 g for 
the return period of 2475 and 9975 years, respectively, 
which is explained in the previous section. These spec-
tra are applicable for the shear wave velocity of 1100 m/s 
and are thus used to determine the surface level spectra 
by carrying out soil amplification study. Previously, many 
researchers performed soil amplification study for Guwa-
hati city. The equivalent linear method for soil amplifica-
tion study is used by Kanth et al. (2008) and Kumar and 
Krishna (2013), whereas Basu et al. (2019) performed 
nonlinear soil amplification study for the same region. 
Due to total stress-based approach, the equivalent linear 
analysis failed to address the pore pressure development. 
In previous studies by other researchers (Bandyopadhyay 
et al. 2021a; Basu et al. 2019; Kanth et al. 2008; Kumar 
and Krishna 2013), borehole data are collected from vari-
ous local agencies to carry out soil amplification studies. 
In the present work, five borehole data of five different 
locations of Guwahati region (Lokhra (S1), Panbazar (S2), 
Dispur Last Gate (S3), Maligaon (S4) and IIT Guwahati 

(S5)) are collected from Kumar and Krishna (2013). Brief 
description of sub-soil strata is described henceforth.

Subsoil data of Guwahati region

Most of the data collected for the study region is based on 
standard penetration tests (SPT). Depth of the soil profile 
generally varies from 15 to 30 m but in few cases the depth 
is less than 15 m. The soil layer below the surface mostly 
consists of sand, silty sand, silt and clay. The soil strata basi-
cally comprise of alluvial soil up to 15 m depth and the data 
show a low range of N value (SPT value) lying between 20 
and 30. Average N value was determined by Kanth et al. 
(2008) for 100 sites of Guwahati region and it was inferred 
that most of the sites fall in class E as per uniform building 
code (Code 1997). The water table of the region generally 
lies at about 2 m below the surface. However, in few loca-
tions greater depth of water table (15 m below the surface) 
is noticed (Basu et al. 2019). The profile of N value for five 
different sites is collected by Kumar and Krishna (2013). 
The site amplification study is generally performed using 
shear wave velocity data but due to lack of the data at some 
depths, N values are converted into the shear wave velocities 
through the available correlation function which was devel-
oped for same site condition. In the present study, empirical 
relationship developed by Bandyopadhyay et al. (2021b) for 
soft soil site is used and given in Eq. (10):

Fig. 8  Contours of spectral acceleration in g for a return period of 9975 years for Assam state: a spectral acceleration for time period of 0.1 s,  
b spectral acceleration for time period of 1 s
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The shear wave velocity, Vs profile of the site obtained 
from the above-mentioned correlation is shown in Fig. 11. 
It is inferred from the figure that most of the sites show a 
gradual increment of Vs with depth. The soil column depth 
greatly influences the response of soil amplification study. 
Kumar and Krishna (2013) carried out soil amplification 

(10)Vs = 87.18N0.32 for very soft to soft clayey silt. study considering a uniform depth of 15.5 m in all boreholes 
overlying a rock stratum. They considered rock stratum as an 
elastic bedrock. In the present study, similar methodology 
is adopted by considering that 20 m of soil layer is overly-
ing an elastic bedrock. In dynamic site response analysis, 
shear modulus (G) of soil is required, which is obtained from 
shear wave velocity using Eq. (11). Three different shear 
modulus such as 0.5G, G, and 2G, are used in the analysis 
(Bandyopadhyay et al. 2021b) in order to take into account 

Fig. 9  Uniform hazard spectra 
(5% damped) of different cities 
of Assam: a Jorhat, b Dibru-
garh, c Silchar, d Tezpur,  
e Guwahati, f Nagaon
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the uncertainty in the soil parameters. The fundamental fre-
quency of soil layer considering soil uncertainty lies in the 
range of 2.1 to 4.1 Hz.

where, � is density of soil layer.

Ground motion

The uniform hazard spectrum at rock outcrop of Guwa-
hati region is generated using PSHA for return periods of 
2475 and 9975 years. Spectrum compatible time history is 
then generated from SIMQKE software (Gasparini 1976). 
The spectrum compatible time histories and comparison 
of compatible spectra with target spectra of the time his-
tories are shown in Fig. 12.

(11)G = �V2
s
,

Table 5  PGA and Sa/g at 0.1 s values of six cities in Assam state

City PGA (g) Sa/g (T = 0.1 s, 5% damping)

RP 475 RP 975 RP 2475 RP 9975 RP 475 RP 975 RP 2475 RP 9975

Jorhat 0.22 0.28 0.38 0.54 0.55 0.70 0.92 1.33
Dibrugarh 0.22 0.28 0.37 0.53 0.53 0.68 0.90 1.31
Silchar 0.23 0.30 0.40 0.59 0.54 0.69 0.92 1.37
Tezpur 0.25 0.32 0.42 0.63 0.55 0.71 0.93 1.38
Guwahati 0.24 0.32 0.42 0.63 0.57 0.74 1.00 1.47
Nagaon 0.22 0.28 0.37 0.55 0.53 0.68 0.90 1.32

Fig. 10  Comparisons of PGA value in g of Guwahati city with other existing study of same region: a comparison of PGA value for RP 
475 years, b comparisons of PGA value for RP 2475 years

Fig. 11  Shear wave velocity profile of the five different locations of 
Guwahati city
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Nonlinear time history analysis

1D nonlinear site response analysis is performed using 
DEEPSOIL open-source software. Here, soil layers are 
represented as equivalent spring mass dashpot system with 
a multiple degree of freedom (MDOF) lumped param-
eter model. The dynamic equilibrium equation given in 
Eq. (12), is solved by direct time integration method of 
analysis considering soil nonlinearity where the stiffness 
K changes as per the soil nonlinear behaviour:

where, M = mass matrix, K = stiffness matrix, and C = damp-
ing matrix. ü , u̇ , u is relative acceleration, relative velocity, 
and relative displacement.

Newmark beta method is used to solve the dynamic 
equilibrium equation and the hyperbolic stress strain 
model is used to define the hysteretic behaviour of soil 
during cyclic loading. The stress strain relation is repre-
sented by Eq. (13). A nonlinear MDOF model incorporat-
ing hysteretic damping and non-meshing rules proposed by 
Phillips and Hashash (2009) is used for nonlinear time his-
tory analysis. In this model, porewater pressure dissipation 

(12)Mü + Cu̇ + Ku = −MIg̈,

is incorporated using one-dimensional consolidation the-
ory. Dependence of reference strain and damping with 
overburden pressure is also considered in this model as 
explained by Eqs. (13), (14), and (15). The shear modulus 
degradation and damping variation with strain for Brah-
maputra region are collected from Kumar et al. (2017):

� = shear strain,
�r = reference shear strain,
G = the small strain shear modulus,
s and � = curve fitting parameter,
� = shear stress,
� = damping ratio,

where a, b, c, and d are curve fitting parameter.

(13)� =
G�

1 + �

(
�

�r

)s ,

(14)�r = a

(
��

�ref

)b

,

(15)� =
c

��d
,

Fig. 12  Spectrum compatible 
time history and comparison 
of target spectra and compat-
ible spectra (5% damped) 
of the time history: a and b 
2475 years return period, c and 
d 9975 years return period
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�
�

= effective stress,
�ref = reference confining pressure, 0.18 MPa (Basu et al. 

2019).

Results of site response analysis

Total 15 numbers of site response analyses are performed for 
5 different boreholes considering three numbers of analysis 
for each borehole with variation in shear modulus (G) of the 
soil as 0.5G, G and 2G for a particular time history. Time 
history for rock spectrum with RP of 2475 years and other 
with RP of 9975 years is considered for the analysis. A mean 
single spectrum (5% damped) of Guwahati city at surface 
level is determined as shown in Fig. 13 for return periods of 
2475 years and 9975 years. It is noticed that PGA of 0.696 
and 0.924 g is obtained at the surface of the soil strata for 
return period of 2475 and 9975 years, respectively. 65 and 
46% amplification of base rock motion PGA is noticed at 
the surface level PGA for 2475 and 9975 years of return 
period, respectively. Based on the present study, design spec-
tra at surface level with 5% damping is also proposed for the 
Guwahati region and shown in Eq. (16):

The peak spectral acceleration to the PGA ratio is 
obtained for both the spectra as 3.12. As per BIS (BIS-1893 
2016) spectra this ratio is suggested as 2.5. Thus, as per 
detailed evaluation of the site for Guwahati region carried 

(16)
Sa

g
=

⎧
⎪⎨⎪⎩

1 + 21.2T for 0 ≤ T ≤ 0.10

3.12 for 0.10 ≤ T ≤ 0.3
0.936

T
for T > 0.3

.

out in the present work, it can be inferred that the values 
of acceleration stated by IS 1893 (2016) are on lower side.

Conclusions

A complete earthquake catalogue having data of earth-
quakes from 1735 to 2021 is utilized to perform PSHA 
for northeast region of India. A mixed kind of tecton-
ics is observed in the study area, like active continental 
crust, Indian intraplate shallow crust and subduction zone. 
Hence, eight different GMPEs are used with different seis-
micity regional parameters. The epistemic uncertainty is 
reduced with the help of logic-tree approach and PSHA 
is carried out. Hazard maps are then evaluated and uni-
form hazard spectra are generated for six cities of Assam 
with RP of 475, 975, 2475, and 9975 years. Further, soil 
amplification study is carried out for Guwahati region by 
utilizing soil data from five boreholes representative of the 
whole Guwahati city region and surface level spectra are 
generated. The following points can be concluded from 
the work:

• The peak ground acceleration obtained for Guwa-
hati region at the bedrock level for 475, 975, 2475, 
and 9975 years return period is 0.25, 0.32, 0.42, and 
0.63 g, respectively. The peak amplification of the bed-
rock UHRS is in the range of 2.3 to 2.5 times the PGA. 
Moreover, the peak of the bedrock spectra lies in the 
range of 0.07 s to 0.1 s which corresponds to high fre-
quency range of 10 to 15 Hz. The PGA obtained for 
475 and 2475 years return period is in compliance with 
the work done by other researchers.

• The bedrock level PGA obtained for the Himalayan 
region which is the highest seismic region of India is 
0.59 g with 2475 years RP. This suggests that for the 
highest seismic region of India, prediction of PGA at 
bedrock level gives large acceleration which may be 
further amplified by soil amplification studies of the 
region.

• Amongst the UHRS developed for six number of cit-
ies of Assam state, Guwahati city and Tezpur city has 
highest PGA of the level of 0.63 g for a return period 
of 9975 years at rock outcrop with a peak spectral value 
of 1.47 and 1.39 g, respectively. Similarly, Jorhat city 
and Dibrugarh city have the lowest PGA of the level of 
0.54 g for a return period of 9975 years at rock outcrop 
with a peak spectral value of 1.33 g. These rock spec-
tra can be used by designers to evaluate surface level 
spectra for soil sites or these can be used directly for 
the design of the structures which are found on rock in 
these cities.

Fig. 13  Surface level spectra (5% damped) for Guwahati city for 
2500 years return period and 10,000 years return period, respectively
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• The soil amplification studies amplify the PGA of 
Guwahati site to 0.696 g for 2475 years return period 
and 0.924 g for 9975 years return period. This implies 
that soil amplification studies amplify the spectra con-
siderably for the alluvial type of soil in this region. The 
important structures to be located in these regions are 
thus required to be designed for site-specific surface 
level seismic spectra to be on conservative and safer 
side.

• The peak amplification of site-specific 5% damped 
surface level spectra developed for Guwahati city is 
3.12 times that of the PGA level. This amplification is 
observed for both 2475 and 9975 years return period 
spectra and the frequency range of the peak of the 
spectra is from 3 to 10 Hz. It is observed that due to 
soil amplification the peak of the spectra shifts from 
higher frequency range of 10 to 15 Hz to lower fre-
quency range of 3 to 5 Hz. Hence, the designers have 
to be cautious while using rock spectra for designing 
the structures founded on alluvial soft soil.
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