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A seismic hazard map of Kanpur city has been developed considering the region-speciﬁc seismotectonic
parameters within a 500-km radius by deterministic and probabilistic approaches. The maximum probable earthquake magnitude (Mmax ) for each seismic source has been estimated by considering the regional

obs
rupture characteristics method and has been compared with the maximum magnitude observed Mmax
,
obs
+ 0.5 and Kijko method. The best suitable ground motion prediction equations (GMPE) were
Mmax
selected from 27 applicable GMPEs based on the ‘eﬃcacy test’. Furthermore, diﬀerent weight factors
were assigned to diﬀerent Mmax values and the selected GMPE to calculate the ﬁnal hazard value. Peak
ground acceleration and spectral acceleration at 0.2 and 1 s were estimated and mapped for worstcase scenario and 2 and 10% probability of exceedance for 50 years. Peak ground acceleration (PGA)
showed a variation from 0.04 to 0.36 g for DSHA, from 0.02 to 0.32 g and 0.092 to 0.1525 g for 2 and
10% probability in 50 years, respectively. A normalised site-speciﬁc design spectrum has been developed considering three vulnerable sources based on deaggregation at the city center and the results
are compared with the recent 2011 Sikkim and 2015 Nepal earthquakes, and the Indian seismic code
IS 1893.

1. Introduction
Earthquakes are one of the most destructive of
natural hazards, having caused huge loss to life
and property, from time immemorial. Destruction is not only caused by the collapse of buildings, but also by the compounded inﬂuence of
landslides, ﬂood, tsunamis and ﬁre that arise
due to earthquakes. The Indian subcontinent has
also proven to be the origin of many devastating
earthquakes such as the 1905 Kangra earthquake
(Mw = 7.8), the 1950 Assam earthquake (Mw = 8.5),

the 2001 Bhuj earthquake (Mw = 7.7), the 2005
Kashmir earthquake (Mw = 7.6), the 2011 Sikkim
earthquake (Mw = 6.7) and the 2015 Nepal earthquake (Mw = 7.8). The subcontinent may be subjected to more severe earthquakes in the future, due
to high seismic strain gaps in the Himalaya region
(Kumar et al. 2013). The Himalayan subduction
zone is considered as a prominent seismic gap and
is highlighted as one of the two most seismically
active regions in the world, the other being the San
Andreas Fault. The highly fertile Indo-Gangetic
Plain, bound on its north side by the Himalayas,
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is supposed to be one of the most populous areas
with numerous cities, large and small, lying on
it. Rapid development and population growth,
along with increasing seismicity, demands seismic
microzonation of cities near the Himalayan belt
and the Indo-Gangetic Basin (IGB). Therefore,
determination of peak ground acceleration (PGA)
and response spectra are important for designing
buildings, infrastructure projects as well as disaster
planning and management.
Seismic hazard estimation is a prime step in
seismic microzonation, where micro-level variations
of seismic hazard and its eﬀects are quantiﬁed
and mapped at bedrock level. Kanpur is one of
the largest cities lying on the Indo-Gangetic plain,
and due to its proximity to the Himalayan Belt
is under high seismic risk. Therefore, in this
study, an attempt has been made to develop the
worst-case deterministic and classical probabilistic seismic hazard map of Kanpur city for 2 and
10% probability of exceedance for 50 years. All
the seismic events and sources lying within a
500-km radius of the Kanpur city center were considered based on the past damage distribution of
seismic study area (SSA). The maximum magnitude (Mmax ) from each of the seismic source
was estimated using regional rupture characteristics (Anbazhagan et al. 2015a) by dividing the
whole SSA into two segments based on the seismicity and seismotectonics of SSA. These Mmax valby
ues were compared with the M
 maxobsestimated

maximum magnitude observed Mmax
, increment
obs
and Kijko method. Furthermore, the
of 0.5 to Mmax
best suitable ground motion prediction equation
(GMPE) for Kanpur SSA has been selected from
27 applicable GMPEs. Segmented GMPEs ranking
has been done to select the best suitable GMPE
for the present SSA by carrying out ‘eﬃcacy test’
which makes use of Log Likelihood (LLH) given
by Scherbaum et al. (2009) and Delevaud et al.
(2009). The deterministic and probabilistic hazard
maps were developed for the Kanpur SSA considering the above mentioned regional speciﬁc seismotectonic parameters. Probabilistic seismic hazard
analysis (PSHA) values were mapped at bedrock
level for 2 and 10% probability of exceedence for
50 years. These hazard values are also computed
in terms of spectral acceleration at 0.2 and 1 s.
Further, deaggregation plot from venerable sources
were developed to ﬁgure out the hazard percentage from diﬀerent combinations of magnitude and
hypocentral distance. Moreover, a site-speciﬁc normalised design spectrum has been developed by
both deterministic and probabilistic hazard values (DSHA and PSHA) from the three vulnerable
sources at the city center and compared with the
2011 Sikkim earthquake and the Indian standard
code (IS 1893 2002).
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2. Study area and seismicity
The Indo-Gangetic Basin (IGB) that runs parallel
to the seismically active Himalayan Belt is under
high risk of seismic hazard. Apart from the seismicity of the Himalayan Belt, the ﬂoor of the
Gangetic trough is corrugated by inequalities and
buried ridges. In addition, the IGB possesses a
thick alluvial cover because of which the distant
earthquakes have been felt strongly (ASC 2010).
Tremors from recent 2016 India–Myanmar border
(7.2 Mw ) were also felt in Kanpur city center. Some
of the active tectonic features lying underneath
the Indo-Gangetic Plain are the Delhi–Haridwar
Ridge (DHR), the Delhi–Muzaﬀarnagar Ridge and
the Faizabad Ridge (FR). FR runs in a curved
manner, ﬁrst from east to west from Allahabad to
Kanpur and then starts to bend towards the northeast towards Lucknow (ASC 2010). Major earthquakes have occurred in the Himalayan region since
historic times, some of them being the 1833 Bihar
earthquake, 1905 Kangra earthquake, 1934 Bihar–
Nepal and the 2011 Sikkim earthquakes; these
earthquakes had aﬀected the cities in the IGB.
As per Bilham (2015), the Nepal 2015 earthquake
has failed to fully rupture the main fault beneath
the Himalayan region, hence, a large earthquake is
inevitable in the near future.
The study area of Kanpur lies in the central part
of the IGB and is surrounded by two main rivers
of India, viz., the Ganges in the north-east and
Yamuna in the south. Kanpur is the second most
populous city of Uttar Pradesh with an approximate population of 2.5 million inhabitants. The
city of Kanpur is famous as one of the major industrial belts of India and is popularly known by the
nicknames ‘Leather City’ and ‘Manchester of the
East’. Kanpur city covers an area of over 605 km2
with its central point having latitude 26.46◦ N and
longitude 80.33◦ E. The study area of Kanpur lies
in the Seismic Zone III, as per the current seismic zonation map of India (IS 1893 2002) and has
a zone factor of 0.16 for design basis earthquake.
As per USGS, weak shaking (macroseismic intensity less than IV) is observed in Kanpur and surrounding areas because of the recent 2015 Nepal
earthquake.
Kanpur city being situated in the IGB is surrounded by many inhomogeneities in the form of
faults and ridges, like DHR, FR and the Lucknow
Fault. Kanpur lies merely 100 km away from
Lucknow city, which is located along the Lucknow–
Faizabad fault (LFF) and the fault has a seismic
gap of 350 years and is capable of a disastrous
earthquake, as it is inactive for last 350 years
(Nadesha 2004). Because of its inactivity since
many years, researchers have highlighted that this
fault has been under heavy stress and hence has
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the potential to cause a massive earthquake in the
future. With the Himalayan rise due to the subduction of the Indian plate under Eurasian plate,
movement of the Indian plate by 5.25 m could cause
a large earthquake on the Faizabad fault as per
Earthquake Mitigation Department, Government
of Uttar Pradesh (Nadesha 2004).
Besides being surrounded by several faults and
ridges, Kanpur also lies within a distance of 400 km
from the two active thrusts – Main Boundary
Thrust (MBT) and the Main Central Trust (MCT),
which are present along the entire Himalayan tectonic belt and have a history of devastating earthquakes. Though there is no history of recorded
earthquake data in which Kanpur is found to be
the epicentre, many earthquakes have taken place
within a 300-km radius of the city center, like the
1925 Sultanpur earthquake (ML = 6), 1961 Kheri
earthquake (ML = 6) and the 1965 Gorakhpur
earthquake (ML = 5.7) (ASC 2010). Past historical evidences show that the 1803 Nepal earthquake
caused an intensity of VI (MSK scale) and the
1833 Nepal earthquake caused an intensity of V–VI
(Rossi Forel scale), both having epicentres within
a 600-km distance of Kanpur city center (Kayal
2008). By taking into consideration the above seismic sources and the events that took place in and
around Kanpur city, it can be concluded that this
urban city is under a high risk of seismic hazard due
to future earthquakes. Therefore, an attempt has
been made in this study to estimate the worst-case
seismic hazard parameters at the bedrock level for
Kanpur city due to surrounding seismic features.
3. Seismotectonic map
In order to quantify the seismic hazard of an area,
information about the active seismic features such
as faults, lineaments and shear zones and all the
earthquake events need to be compiled in the form
of a map, which is known as a seismotectonic
map. For generating a seismotectonic map of the
SSA, researchers have considered various radial distances from the urban city center and validated
the same by accounting many factors. By studying the seismicity of the Kanpur region and the
past damage distribution map of 1803 Nepal earthquake (Ambraseys and Douglas 2004), a radial
extent of 500 km is taken from the Kanpur city
center.
In the present study, for the preparation of seismotectonic map, linear sources were taken from
the Seismotectonic Atlas of India produced by the
Geological Survey of India (GSI 2000). These maps
were scanned using a high-resolution scanner, digitised for identiﬁcation of the linear sources, considering a 500-km radius from Kanpur city center and
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was veriﬁed with the seismotectonic map prepared
by Kolathayar et al. (2012) for the whole India and
Kumar et al. (2013) for Lucknow region. No aerial
source has been considered in this study since, as
good distributions of linear sources were available
for the study area.
Data of all the past earthquake events around a
500-km radial distance of Kanpur city center were
collected from diﬀerent sources such as the National Earthquake Information Centre, International
Seismological Centre, Indian Meteorological Department, United State Geological Survey, Northern
California Earthquake Data Centre, and the Geological Survey of India. A total of 3140 events were
collected, providing details of the events like epicentre
coordinates, year, month, date, focal depth and
magnitudes in diﬀerent magnitude scales. Since
the magnitudes of the events collected were in different magnitude scales, like body wave magnitude,
Richter or local magnitude, surface wave magnitude
and moment magnitude (Mw ), they were all converted into Mw for consistency and homogeneity. A series of empirical relationships have been
developed between these magnitudes by various
researchers, but for this study, the relationship
developed by Scordilis (2006), which included the
worldwide data, was used.
Declustering is considered necessary for seismic
hazard assessment and other applications in seismology, such as the development of earthquake
prediction models for achieving the best result of
hazard analysis (Wiemer and Wyss 1994, 1997)
and for seismicity rate change estimation (Frankel
1995). For the present study, the declustering algorithm developed by Gardner and Knopoﬀ (1974)
and modiﬁed by Uhrhammer (1986) was used. This
algorithm assumes that the time and spatial distribution of the foreshocks and aftershocks depend on
the magnitude of the main event. As per the study
by Stiphout et al. (2010), seismicity background
derived by the method of Gardner and Knopoﬀ
(1974) follows a Poisson distribution, whereas the
static window method (Reasenberg 1985) does not.
Out of 3140 events, around 50% were found to
be dependent events; 1576 events were acknowledged as the main shock. These events along with
linear seismic sources were compiled for the preparation of the seismotectonic map. The complete
catalogue contains 918 events with Mw < 4; details
of events with Mw > 4 are summarised in table 1.
In order to develop the seismotectonic map, declustered earthquake events were superimposed with
the source map, as shown in ﬁgure 1. It is seen from
ﬁgure 1 that events are more densely located near
MBT and MCT as compared to the other areas.
Therefore, the whole seismotectonic map was divided into two regions using a trapezoid – Region I
(which covers the events lying inside the trapezoid
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Table 1. Summary of events having Mw greater than or equal to 4.
Sl. no.

Number of events
Region I
Region II

Earthquake magnitude (Mw ) range
4 ≤ Mw < 4.5
4.5 ≤ Mw < 5
5 ≤ Mw < 5.5
5.5 ≤ Mw < 6
6 ≤ Mw < 6.5
6.5 ≤ Mw < 7
Mw ≥ 7

51
214
120
37
25
5
2

34
87
47
17
12
3
4

32

1
2
3
4
5
6
7

Region I
F121

30

F122

F125

F124

F126
F61
F214

F123
F112 F62

F127
F128
F217 F218

F215

F129

F81
F135A

28

F137

F135

F136

F138
F63
F139

F50
F53
F183

F133

F131

F79

F154

F163

F83

F146
F72 F73

F51

F162

F161
F145

F144
F140

F164

F160

F169

F155

F148

F184

F52

F134
F74

F70

F64

F49

F82

F130

F84

F147

F85

F171

F165

F206

26

F152
F166
F167

F156
F153

F174

F172 F173

200km

F157

24

Fault
MCT
MBT
Boundary
Centre of Map

F86
F168

F159

F175
F32
F177
F178

F204

F25

F179

500km

F203a
F202

F19
F18
F15

F20

22

F181

F14

F203

N

20

Region II

74

76

78

80

82

84

86

Figure 1. Seismotectonic map of Kanpur.

and envelopes MBT and MCT) and Region II (which
covers events outside the trapezoid). Analysis was
carried out for both the regions separately.
4. Data completeness and G–R recurrence
relationship
Seismic parameters should be evaluated for the
determination of the seismic hazard map and
estimating the ground motions due to future
earthquakes. These parameters include a and b
parameters of the Gutenberg–Richter (G–R) recurrence relations (Gutenberg and Richter 1956). A
complete earthquake catalogue is needed for presenting the seismicity pattern of a region and this,
in turn, is required to be analysed for carrying out
the seismic hazard analysis of a region. The seismic
parameters around Kanpur site for Regions I and II

can be quantiﬁed by the standard Gutenberg–
Richter (G–R) recurrence relationship (Gutenberg
and Richter 1956). The seismic recurrence rate can
be assessed correctly if the collected data of the
earthquake events are complete. Therefore, the composed data of Kanpur SSA is scrutinised for its
completeness using the graphical method proposed
by Stepp (1972). Anbazhagan et al. (2009) described
the detailed procedure for completeness analysis
as per Stepp (1972). Based on the analysis, it can
be summarised that the earthquake catalogue for
the Region I has been completed for the last 60
years for a magnitude moment <5.0 and for last
80 years for higher magnitudes. For Region II, the
earthquake catalogue for magnitude <5.0 is complete for the last 60 years and completed for 80
years for higher magnitudes. The a and b parameters were determined for both the regions for the
complete data. Figure 2 shows the G–R recurrence

J. Earth Syst. Sci. (2017) 126: 12

Page 5 of 21
Region I
Linear (Region I)

2

12

Region II
Linear (Region II)

Log (Cumulative events per year)

1.5
1
0.5
0
Region I
Log(N) = 5.133 - 0.931Mw
R² = 0.943

-0.5
-1

Region II
Log(N) = 6.266 -1.123Mw
R² = 0.995

-1.5
-2
-2.5
4

4.5

5

5.5

6

6.5

7
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Figure 2. Gutenberg–Richter relation for Regions I and II.
Table 2. Comparison of ‘b’ parameter of the present study with previous data.
Region I
0.93 (Present work)
0.91 (Anbazhagan et al. 2015b)
0.86 (Kumar et al. 2013)
0.73 (NDMA 2010)
1.0 (Sreevalsa et al. 2011)
0.80 (Mahajan et al. 2010)
0.65 (Kumar 2012)
0.92 (Shanker and Sharma 1998)
0.96 (Yadav et al. 2011)

law for Regions I and II, with a correlation coefﬁcient of 0.94 and 0.99, respectively. The b value for
the Region I is 0.93 and for Region II is 1.12. The
values obtained are comparable with the earlier
studies performed by other researchers (see table 2).
These values were further used for estimating the
maximum magnitude and for probabilistic seismic
hazard analysis of Kanpur city.
5. Maximum probable earthquake
(Mmax ) and focal depth
Since the complete earthquake catalogue of any
region represents only a small portion of the total
seismic activity, it is diﬃcult to estimate the complete potential of any region or source for future
seismicity. It is the upper limit of earthquake magnitude for a given seismogenic zone or the entire
region and is synonymous with the magnitude

Region II
1.12 (Present work)
1.01 (Anbazhagan et al. 2015b)
0.80 (Kumar et al. 2013)
0.81 (NDMA 2010)
0.85 (Sreevalsa et al. 2011)
0.92 (Shanker and Sharma 1998)

of the largest possible earthquake in that region
(EERI 1984; WGCEP 1995). It assumes a sharp
cut-oﬀ magnitude at a maximum magnitude, so by
deﬁnition, no earthquake is to be expected with
magnitude exceeding Mmax (Joshi and Sharma
2008).
In the present study, Mmax is estimated using
regional rupture characteristics by considering
the
 obs
maximum magnitude observed magnitude Mmax
and possible seismic source. Anbazhagan et al.
(2015a) found that regional rupture character is
unique and does not change with seismic study
area. Rupture character of the region was derived by
considering earthquake moment magnitude (Mw )
of 4.8 and above and the associated subsurface rupture length (RLD). RLD of each seismic source
has been estimated by using the well accepted
correlation between RLD and Mw by Wells and
Coppersmith (1994) for the determination of
maximum observed magnitude of each source. The
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correlation given by Wells and Coppersmith (1994)
between RLD and Mw is valid for moment magnitude from 4.8 to 8.1. Percentage fault rupture
(PFR) is the ratio of RLD to total fault length
(TFL) and is expressed in percentage. As the
present study area is lying at a distance of 400 km
from MBT and MCT and hazard characteristics
are aﬀected mainly by seismicity within 200 km of
any SSA, so an advanced procedure for the determination of Mmax using regional rupture characteristics for seismically active zone is presented in the
present study. The Mmax calculated is compared
obs
obs
, increment of 0.5 to Mmax
and Kijko
with Mmax
method.
The Kanpur SSA has been divided into two radii
of consideration, viz., 0–200 km and further 200–
500 km based on seismicity and seimotectonics (see
ﬁgure 1). As per ﬁgure 3, the plotting of PFR
against TFL showed that PFR follows a unique
trend for the interplate region. It can be observed
from ﬁgure 3 that the percentage of the total fault
ruptured for shorter faults is more when compared
to that of the longer faults, showing a decreasing
10

trend with an increase in the fault length. This
indicates that most of the damaging earthquakes
in the region follow the same trend. The PFR of
the worst possible scenario was established by considering minimum, maximum and average PFR in
four length bins as shown in table 3 for both the
segments. PFR for the worst-case scenario (table 3)
was taken as the regional rupture character of the
SSA. The RLD was calculated based on the TFL
for each source, which was further used to estimate the respective Mmax using a well-established
Wells and Coppersmith (1994) relationship. The
absolute Mmax for each source was calculated using
the above-mentioned approaches. The range of the
Mmax estimated from the regional rupture characteristic of Kanpur SSA, considering two diﬀerent radii, is 5.5–6.2 Mw upto 200 km and 5.7–7.3
Mw for 200–500 km, respectively. Mmax estimated
obs
,
from the above method is compared with Mmax
obs
obs
increment of 0.5 to Mmax and Kijko method. Mmax
for 200- and 500-km radii is 6.2 and 7.1 Mw , so
obs
. Mmax of 6.7 Mw for 200 km and
Mmax = Mmax
7.6 Mw for 200–500 km can be determined as per

Distance ≤ 200 km

Distance > 200 km

35

9

Power (Earthquake Events)

30
Percent Fault Rupture (%)

8
Percent Fault Rupture (%)

Earthquake Events

7
6
5
4
3
2

20
15
10
5

Earthquake Events

1

25

Power (Earthquake Events)

0

0
0

50

100

150

200

0

250

Total Fault Length (TFL) (km)

200

400

600

800

Total Fault Length (TFL) (km)

Figure 3. Regional rupture character for subsurface rupture length in terms of percent of total length of fault versus total
length of fault for Kanpur for 200 km and 200–500 km.
Table 3. Regional rupture character for various distance bins.
Maximum

PFR (% TFL)
PFR (% TFL)
Ratio of PFR
Minimum Average for worst scenario (WS) for WS to maximum PFR

Dist. ≤ 200 km
9.69
3.68

4.11
1.97

5.79
2.44

12
5

1.24
1.36

Dist. > 200 km
31.9
14.36
8.46

1.98
1.72
0.78

8.58
5.65
4.88

35
15
10

1.10
1.04
1.18
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obs
Mmax = Mmax
+ 0.5, which is generally used by
various researchers in India. Furthermore, Mmax
is also estimated using Kijko and Sellevoll (1989),
which considers the doubly truncated GutenbergRichter relationship. The range of the Mmax
estimated from Kijko and Sellevoll (1989) for
Kanpur site for two diﬀerent radii of consideration are 5.0–6.5 Mw for 200 km and 4.1–7.1 Mw
for 200–500 km, respectively. Table 4 gives the
Mmax value from the seismic source having an
estimated maximum observed moment magnitude
greater than 7.0. The maximum magnitude is overestimated for some of the seismic sources, as calobs
culated from Mmax = Mmax
+ 0.5. Furthermore, in
some of the seismic sources, maximum magnitude
was found to be the maximum observed magnitude
when calculated using the method of Kijko and
Sellevoll (1989). By analysing the error and uncertainty in all the methods, diﬀerent weight factors,
i.e., 0.4, 0.2, 0.2 and 0.2 were assigned to maximum magnitude calculated from regional rupture
obs
obs
characteristics, Mmax = Mmax
, Mmax = Mmax
+ 0.5
and Kijko and Sellevoll (1989) method, respectively. The weighting factors in all the methods
are explained in Anbazhagan et al. (2015a). Therefore, in the present study, PGA values for Kanpur
SSA were calculated by assigning diﬀerent weight
factor to Mmax estimate from each of the abovementioned methods.
Based on the present methods, it can be seen that
the calculated Mmax for MCT and MBT is 7.2 and
7.3, respectively, as the segment of MCT and MBT
obs
7.1. However, most
considered in the SSA has Mmax
of the seismologists believe that a central seismic
gap exists between the 1905 Kangra earthquake
and 1935 Bihar Nepal earthquake, which has
the potential of experiencing a great earthquake

12

(Mw > 8) in near future. Hence, in the present study,
a maximum magnitude of 8.3 Mw was considered
for determining the hazard values in the Kanpur
obs
in the entire length of MBT is
city, since Mmax
8.1 Mw (1934 Bihar Nepal Earthquake). A recent
study carried out by Yadav et al. (2011) on the
assessment of earthquake hazard parameters in the
north-west Himalaya, also calculated the Mmax for
the same region as 8.3 Mw . Therefore, the Mmax of
8.3 for both MBT and MCT has been considered
for further hazard assessment for Kanpur city.
5.1 Focal depth of earthquake
A critical part of seismic hazard analysis is the
determination of the focal depth of earthquakes.
The depth division of the diﬀuse seismicity (i.e.,
derived from the seismology database) should be
included in the seismic hazard analysis (IAEA SGS-9
2010). Most of the studies regarding the seismic hazard analysis incorporate the lowest focal
depth or depth considering the minor earthquakes
(Anbazhagan et al. 2013b). In the present study,
the whole catalogue has been analysed for determination of the appropriate focal depth of the future
earthquake. It was analysed with the magnitude
and epicentral distance for the Kanpur SSA. Depth
versus epicenter distance of events having a Mw
greater than 5 for Kanpur region was studied and
analysed statistically and given as ﬁgure 4. It was
found that for all magnitude values with a moment
magnitude >5, the focal depth varied from 10 to
75 km (see ﬁgure 4). So, considering the worst-case
scenario, a focal depth of 15 km was adopted for
events with Mw < 5, 30 km for 5 ≤ Mw < 6.5 and
50 km for Mw ≥ 6.5, for both deterministic and
probabilistic hazard analyses.

Table 4. Estimation of Mmax for each seismic source used in the study considering four approaches.

Fault name
MBT
MCT
F82
F135
F62
F125
F126
F14
F136
F157
F124
F204

Rupture characteristics
RLD
Mmax by
TFL (km)
(% TFL)
rupture
803.74
663.07
341.03
116.96
312.49
127.17
194.48
570.05
66.36
110.75
141.12
256.90

72.34
59.68
51.15
38.60
46.87
41.96
29.17
51.30
21.90
36.55
46.57
38.53

7.3
7.1
7.0
6.8
7.0
6.9
6.6
7.0
6.4
6.8
7.0
6.8

Mmax =
obs
Mmax

Mmax =
obs
Mmax
+ 0.5

Kijko and
Sellevoll (1989)

Final Mmax

7.1
7.1
7.1
7.1
7.1
7.1
7.1
7.1
7.1
7.1
7.1
7.1

7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6

7.1
7.1
7.0
6.5
6.1
6.4
6.4
6.3
6.3
6.2
6.0
6.0

8.3*
8.3*
7.1
7.0
7.0
7.0
6.9
7.0
6.8
6.9
6.9
6.9

*Final Mmax calculated is 7.3 and 7.2 for MBT and MCT, however, 8.3 is considered for hazard assessment (explanation
is given in the text).
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Depth (km)

Epicentral Distance (km)

Figure 4. Distribution of focal depth of earthquake with epicentral distance.

6. Ground motion prediction equation
(GMPE)
The ground motion prediction equation provides a
means of predicting the level of ground shaking and
its associated uncertainty at any given site or location, based on the earthquake magnitude, site to
source distance, local soil conditions, fault mechanism, etc. Region-speciﬁc GMPE is an important
component for seismic hazard analysis for both
seismic macro- and micro-zonation. Selection of
an appropriate GMPE is an indispensable step in
determining the ground motion due to an earthquake and for carrying out seismic hazard analysis. However, a limited number of region-speciﬁc
GMPEs are available for India and other parts of
the world, for seismic hazard estimation, both at
the bedrock level, as well as at the surface level,
which considers the local site eﬀects (Atkinson and
Boore 2006; NDMA 2010). At the same time, developed countries are working on Next Generation
Attenuation (NGA) for the better estimation of
ground motions and prediction of ground shaking for earthquake resistant design of structures
(Campbell and Bozorgnia 2006; Kaklamanos and
Baise 2011).
Various researchers have analysed the attenuation
characteristics of the Himalayan region based on
the past available data. Region-speciﬁc GMPEs
for India were developed by various researchers,
based on the recorded as well as simulated earthquake data and are given in table 5 (1–11). In addition to these GMPEs, there are several GMPEs
developed for similar tectonic which were found to
be applicable to the Himalayan region. The list of

GMPEs applicable for the study region along with
abbreviations is given in table 5 (12–27). Details
regarding all the GMPEs have been submitted as
an electronic material in Anbazhagan et al. (2015b).
All the GMPEs used in the present study are at
bedrock level with shear wave velocity more than
1500 m/s. Many researchers in India generally use
two or three GMPEs for predicting the hazard values. However, considering 2–3 GMPEs randomly
and comparing with the observed value may give
inconsistent results because of the absence of an
organised, logical and comprehensive procedure.
Hence, for the present study area, the best suitable GMPE was selected for hazard analysis by
considering past earthquake data.
The best suitable GMPE was selected considering
the criteria proposed by Bommer et al. (2010) and
by performing the eﬃcacy test recommended by
Scherbaum et al. (2009) and Delevaud et al. (2009).
The determination of the order of ranking of
GMPEs was based on the observed earthquakes
in a particular region. In the present study, the
information-theoretic approach recommended by
Scherbaum et al. (2009) has been used. The eﬃcacy
test makes use of average sample log-likelihood
(LLH) for the ranking purpose of the available
GMPE of a particular SSA. The eﬃcacy test using
an average LLH has been performed successfully by
Delevaud et al. (2009) and further applied to the
Indian subcontinent by Nath and Thingbaijam
(2011) and Anbazhagan et al. (2016). Hence, for
the present study, eﬃcacy test has been carried
out by considering the Macroseismic Intensity Map
of 1803 Nepal earthquake and PGA-European
Macroseismic Scale (EMS, Grünthal 1998) relation
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Table 5. Available GMPEs with their abbreviations considered for the seismic study area.
Sl. no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Ground motion prediction
equation (GMPE)
Singh et al. (1996)
Sharma (1998)
Nath et al. (2005)
Das et al. (2006)
Sharma and Bungum (2006)
Baruah et al. (2009)
Nath et al. (2009)
Sharma et al. (2009)
Gupta (2010)
National Disaster Management
Authority (2010)
Anbazhagan et al. (2013a)
Abrahamson and Litehiser (1989)
Youngs et al. (1997)
Campbell (1997)
Spudich et al. (1999)
Atkinson and Boore (2003)
Takahashi et al. (2004)
Ambraseys et al. (2005)
Kanno et al. (2006)
Zhao et al. (2006)
Campbell and Bozorgnia (2008)
Idriss (2008)
Boore and Atkinson (2008)
Abrahamson and Silva (2007)
Aghabarati and Tehranizadeh (2009)
Lin and Lee (2008)
Akkar and Bommer (2010)

proposed by Nath and Thingbaijam (2011) for
Indian crustal earthquakes. Based on the validity
of particular GMPE, the hypocentral distance was
divided into three length bins, viz., 0–100 km, 100–
300 km and 300–500 km. For the hazard analysis,
the ranking of GMPE has been considered for all
the three bins. Some of the GMPEs such as Singh
et al. (1996), Sharma (1998), Das et al. (2006),
Baruah et al. (2009), Sharma et al. (2009) and
Gupta (2010) were not used for eﬃcacy test because
the isoseismal map used in the present study
area has a moment magnitude of 7.7 and these
GMPEs are only applicable for moment magnitude < 7.7. The LLH values along with the ranking
of GMPEs are given in table 6. The EMS values
were used to estimate the LLH values and Data
Support Index (DSI), which were further used
to rank the GMPEs. Segment-based ranking of
GMPEs has been attempted in order to avoid over/
underestimation of PGA at shorter and longer distances. In order to select best suitable GMPEs for
each region/past earthquake location, DSI criteria
are given by Delavaud et al. (2012) has been used.
For each distance segment, positive DSI values
were calculated and ranked based on maximum to

Abbreviation of
the equations
SI-96
SH-98
NATH-05
DAS-06
SHBU-06
BA-09
NATH-09
SH-09
GT-10
NDMA-10
ANBU-13
ABLI-89
YONG-97
CAMP-97
SPUD-99
ATKB-03
TAKA-04
AMB-05
KANO-06
ZHAO-06
CABO-08
IDRS-08
BOAT-08
ABSI-08
AGTE-08–09
LILE-08
AKBO-10

minimum values. The maximum positive DSI value
was given the ﬁrst rank and the minimum was
considered as the lowest rank. Segmental analysis
of available GMPEs for SSA has been done and
the positive DSI values for Kanpur earthquake is
marked in bold in table 6. Details regarding LLH,
DSI and weight calculation for various GMPES
has been given in Anbazhagan et al. (2015b and
2016). From the eﬃcacy test, it has been seen that
6 GMPEs such as ABSI-08, ANBU-13, NDMA-10,
KANO-06, NATH-05 and BOAT-08 can be used up
to a hypocentral distance of 100 km. For distances
of 100–300 km, KANO-06, ANBU-13, NDMA-10
and BOAT-10 can be used, and for a hypocentral
distance >300 km, NDMA-10 can be used for the
hazard analysis. The plot of GMPE used in this
study for varied distance bin is shown in ﬁgure 5(a).
The selected GMPEs are also compared with the
recent Nepal 2015 earthquake records and shown
in ﬁgure 5(b). The recorded data for Nepal 2015
earthquake is collected from Chadha et al. (2016).
The main shock was recorded at 18 stations in the
distance range of 270–1000 km. Out of 18 recording
stations, 14 are at soil site and 4 are at rock site.
Chadha et al. (2016) classiﬁed these sites as site
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Table 6. Segmented Ranking of GMPEs for Kanpur Region.
0-100
Sl. no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

GMPEs

LLH

ABLI-89 Hort
6.227
10.462
ABLI-89 Vert
YONG-97
7.217
4.321
CAMP-97 Hort
6.276
CAMP-97 Vert
SPUD-99
10.188
TAKA-04
6.934
AMB-05
9.307
NATH-05
2.881
KANO-06
1.523
ZHAO-06
6.934
SHBU-06
91.097
IDRS-08
8.155
BOAT-08
3.027
ABSI-08
1.098
CABO-08
6.644
LILE-08
8.949
5.756
AGTE-08-09 Vert
AGTE-08-09 Hort 5.071
NATH-09
9.804
AKBO-10
9.356
NDMA-10
1.213
ANBU-13
1.108

DSI
−85.641
−99.237
−92.767
−46.156
−86.116
−99.077
−91.198
−98.301
46.068
274.311
−91.198
−100
−96.224
31.963
402.715
−89.243
−97.823
−80.087
−68.002
−98.796
−98.358
364.069
399.104

100-300
R* W
10
22
15
7
11
21
13
16
5
4
14
23
16
6
1
12
17
8
9
20
19
3
2

#

–
–
–
–
–
–
–
–
0.08
0.18
–
–
–
0.07
0.23
–
–
–
–
–
–
0.21
0.23

LLH

10.462

12.937

5.441
12.937
41.615
21.905
5.850
10.847
23.934
14.042

6.315
5.692

DSI
NA
NA
−87.584
NA
NA
NA
−97.767
NA
NA
303.055
−97.767
−100
−99.995
63.240
−90.493
−99.998
−98.962
NA
NA
NA
NA
119.919
238.692

300-500
R*

5

W

#

–

LLH

5.430

7

1
8
12
10
3
6
11
9

4
2

0.34
–
–
–
0.19 10.320
–
–
–
6.505

0.18
0.29

1.608

DSI
NA
NA
−74.697
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
−98.310
NA
NA
−87.991
NA
NA
NA
NA
257.769
NA

R* W#

2

–

4

–

3

–

1

1

R*: ranking of GMPE, W# : weight of GMPE having positive DSI.

class B, C, D and E by comparing the recording with
GMPE developed by Atkinson and Boore (2003).
The same seismic site class has mentioned in
ﬁgure 5(b) for comparison. It can be seen from
ﬁgure 5(b) that the selected GMPEs are matching
with rock data, i.e., site class A and B. However,
site class C and D, PGA values are much above
the selected GMPE values due to local site eﬀects.
In the present study, DSI were directly calculated
using LLH and weight were calculated later from
only those GMPE that are having positive DSI
(table 6). The weight factor corresponding to particular GMPE for diﬀerent segments was further
used in evaluating the hazard of Kanpur SSA. Seismic hazard values in terms of PGA and SA will
be calculated considering these equations for each
seismic source.

7. Hazard maps for Kanpur region
To derive the hazard value in terms of PGA and SA
for 0.2 and 1 s time period, both, deterministic
seismic hazard analysis (DSHA) and probabilistic
seismic hazard analysis (PSHA) were used. The
detailed procedures for both the methods are
explained in Anbazhagan et al. (2009) and Kumar

et al. (2013). The calculated PGA values at bedrock
level will be useful in site response of ground motion
parameters and liquefaction assessment in future
for Kanpur SSA. For deriving the hazard map,
GMPE has been selected and weights based on
the regional data. The weight factors of 0.23, 0.23,
0.21, 0.18, 0.08 and 0.07 for ABSI-08, ANBU13, NDMA-10, KANO-06, NATH-05 and BOAT08, respectively, up to 100 km were used. GMPEs
of KANO-06, ANBU-13, NDMA-10 and BOAT-10
were assigned factors 0.34, 0.29, 0.19 and 0.18 for a
segmented hypocentral distance of 100–300 km and
a factor of 1 for NDMA-10 for more than 300 km
hypocentral distance were used. For determining
the PGA deterministically and probabilistically, by
considering magnitude, source-to-site distance and
site condition, (shear wave velocity more than 1500
m/s) MATLAB code has been generated. Validation of the code was done with the results of EM1110 (1999). The whole Kanpur city’s SSA was
divided into 635 grids of size 0.02◦ ×0.02◦ along
the longitude and latitude, respectively. The following procedure was used to determine the PGA
value for each of the 635 grids. For the development
of the seismic hazard map, both deterministically
and probabilistically, the Kriging interpolation
technique was used for the estimation of intermediate values of PGA.
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Figure 5. Comparison of ground motion prediction equations used to estimate seismic hazard for earthquake moment
magnitude of (a) 6.8 and (b) 7.8 (Nepal 2015 earthquake).

7.1 Deterministic seismic hazard analysis
The worst-case scenario map i.e., deterministic
hazard map is required for estimating seismic

vulnerability, seismic losses and for seismic disaster
planning and mitigation. Usually, one or more
earthquakes are identiﬁed by magnitude and location with respect to the site. In this approach,
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the earthquake is assumed to occur in the portion
of the site or closest to the site. In this study, the
worst-case scenario map of the SSA of Kanpur has
been prepared considering all the seismic sources
lying within the study area and their corresponding maximum magnitudes and the selected GMPEs
with diﬀerent weight factors as explained above.
GMPEs were selected and weights were calculated
based on regional data as explained earlier (see
table 6). A total of 90 seismic sources have experienced an earthquake of moment magnitude 4.0 or
above and lies within a 500-km radial distance from
Kanpur city center (shown in ﬁgure 1). For carrying
out the seismic hazard analysis of the Kanpur urban
center, the whole city was divided into 635 grids of
size 0.02◦ ×0.02◦ along the longitude and latitude,
respectively. A MATLAB code has been developed
for carrying out the DSHA, which has also been
veriﬁed by manual calculations for Kanpur city
center. Using this code, the minimum hypocentral
distance has been estimated from the center of each
grid to each fault. Thereafter, the PGA from each
source at each grid has been estimated considering
the maximum magnitude Mmax with diﬀerent weight
factors as mentioned above and similarly the
selected GMPEs with diﬀerent weight factors.
The maximum PGA from all the seismic sources
were assigned as the PGA for that grid. The same
procedure was adopted for all the 635 grids and
the maximum PGA out of all the grids was taken
as the ﬁnal PGA value for the development of new
seismic hazard map of Kanpur city. The Kriging
interpolation technique was used for the estimation of the intermediate values of PGA required
for the development of the seismic hazard map.

Figure 6(a) shows the worst-case scenario or DSHA
map of the Kanpur city center. The PGA variation
was found to be 0.04 g in the north-western periphery, whereas it increased to 0.36 g in southern
periphery. PGA value in the central part of Kanpur
is 2–3 times less as compared to southern part of
the city. The high hazard values due to Lucknow–
Faridabad fault, which lies near to the city, are a
source of devastating earthquakes. In addition to
that, spectral acceleration (SA) maps at 0.2 and 1 s
were developed and is shown in ﬁgure 6(b) and (c).
The north-western and north-eastern parts include
areas like Araul, Bilhaur, Bithur and surrounding
areas, which are less prone to earthquake-induced
ground shaking. However, areas that fall in the
south and central part of the city such as Bindhu,
Ghatampur, Sarli, Narwal and their nearby areas
are more susceptible to earthquake shaking. The
maximum PGA after carrying out DSHA for the
present study has been found to be 0.36 g. Parvez
et al. (2003) developed a DSHA map for the entire
Indian subcontinent and found the range of PGA
to be between 0.3 and 0.6 g for the Kanpur city.
However, the PGA value found from the present
study is higher than that of deterministic seismic
hazard macrozonation carried out by Kolathayar
et al. (2012), which is in the range of 0.15–0.25 g.
7.2 Probabilistic seismic hazard analysis
The probability of exceedance of a given ground
motion in a particular time period can be estimated
if the probability of its size, locations and level of
ground shaking is known cumulatively. The seismic

SA (g)

SA (g)

(a)

(b)

(c)

Figure 6. (a) Peak ground acceleration (PGA) map, (b) SA at 0.2 s map of Kanpur urban center, and (c) SA at 1 s of
Kanpur urban center.
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hazard map for Kanpur city has been generated
using PSHA algorithm proposed by Cornell (1968)
that was later improved by Algermissen et al.
(1982). For evaluating the seismic hazard using the
classical approach (Cornell 1968), the whole city
has been divided into 635 grids of size 0.02◦ ×0.02◦
along the longitude and latitude, respectively, similar to DSHA. The uncertainties associated with
magnitude, hypocentral distance and the probability of exceedance for GMPEs for 90 seismic
sources were computed using a program developed in MATLAB. The program computed the frequency of exceedance of a particular magnitude
‘mi ’ occurring at a particular hypocentral distance
‘R’ with a known probability of exceedance with
respect to ‘z’, and the combined frequency of exceedence of a particular ground motion can be estimated by merging all types of uncertainties for each
seismic source. The detailed methodology for determining the PGA using probability seismic hazard
analysis is explained in Anbazhagan et al. (2009).
A hazard curve is deﬁned as the frequency of
exceedance of various levels of ground motion.
Figure 7 shows the 10 most vulnerable sources at
Kanpur city center. It can be seen from ﬁgure 7
that F166 is the most vulnerable source located at
a hypocentral distance of 10.25 km from city center
with a maximum magnitude of 5 (Mw ). Other

sources, which were found vulnerable for Kanpur
city center, are also shown in ﬁgure 7 as F167,
F168, F165, F156, F161, F154, F160, F83 and
F173. The hazard curve for any SSA can be
obtained by the summation of all the hazard curves
obtained from all the active sources. Thus, by
merging all the hazard curves from the 90 sources
at the Kanpur center will give the hazard curve
for Kanpur city center. Figure 8 shows the cumulative hazard curve obtained at the Kanpur city
center for 0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0, 1.6
and 2 s. Hazard curve subsequent to diﬀerent periods presents the spectral acceleration values for an
identiﬁed probability of exceedance in a particular
time period. In can be observed from ﬁgure 8, that
the frequency of exceedance for 0.075 g at zero second is 0.0029, which will give a return period of 345
years (return period is the inverse of the frequency
of exceedance). This indicates that PGA of 0.075 g
has a 13.54% probability of exceedance in 50 years
at the Kanpur center. Similarly for 0.5 g, the
frequency of exceedance at zero second is 1.12E-05
which will give a return period of 89.5 thousand
years or a probability of exceedance of 5.85×10−2 %
in 50 years, at Kanpur city center. As the period
on interest increases from 0 to 0.8 s, a huge change
in return period is observed from ﬁgure 8. Initially,
the frequency of exceedance decreases from 345
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1.0E-04
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1.0E-07
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F161
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F154
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0.2

Peak Ground Acceleration (g)
Figure 7. Hazard curve for 10 most contributing seismic sources at Kanpur city center.
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Figure 8. Hazard curve at Kanpur city center for diﬀerent periods using classical approach.

years at zero periods to 55 years in 0.1 s, which
further increases to 118 years in 0.2 s and again till
6.45E+05 years for 2 s. In order to understand the
hazard contribution from various combinations of
magnitude and hypocentral distance, degradation
plot is generated, which is a function of magnitude
and hypocentral distance for all the levels of spectral period associated with the GMPEs. The mean
degradation plot for Kanpur SSA for 2% and 10%
probability of exceedance at 50 years were made in
order to understand the hazard contribution for
various magnitudes at a diﬀerent hypocentral distance and are shown in ﬁgure 9(a and b). It has
been observed from ﬁgure 9 that the motion for
5.5 Mw at 20 km hypocentral distance is predominantly for 2% probability of exceedance at 50 years.
Similarly, for 10% probability of exceedance at 50
years, the motion for 5.5 Mw at 15 km hypocentral
distance is predominant. Hazard curve was generated at each grid for Kanpur SSA; the level of
ground motion for frequency of exceedance ‘v(z)’
can be determined from it. The level of ground
motions was estimated from the zero period hazard
curves (PGA value) of each grid for 2% and 10%
probability of exceedance in 50 years. Figure 10(a)
and (b) are the PSHA maps for Kanpur center for

2% and 10% probability of exceedance in 50 years,
respectively. It can be observed from ﬁgure 10(a)
that PGA varies from 0.44 g in the north-western
and 0.02 g in the north-western periphery to 0.32
g towards the south-eastern part of the city. PGA
value in the south-eastern part of Kanpur is two
times as compared to central part of the city. Similarly, for 10% probability of exceedance in 50 years,
the PGA value is less at the north-western part of
the city and increases about two folds towards the
south-eastern part of the city. The north-western
and north-eastern parts include areas like Araul,
Bilhaur, Bithur and surrounding areas which are
less prone to earthquake-induced ground shaking.
However, areas that fall in south and central part
of the city such as Bindhu, Ghatampur, Sarli, Narwal and their nearby areas are more susceptible
to earthquake shaking. Recently, the National Disaster Management Authority (NDMA 2010) and
Nath and Thingbaijam (2012) have developed a
PSHA map for entire India. Nath and Thingbaijam
(2012) predicted the PGA value at Kanpur considering a 10% probability of exceedance in 50 years
as 0.12 g, whereas as per NDMA (2010), PGA
value at 2% and 10% probability of exceedance
for 50 years as 0.08 and 0.04 g, respectively.
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As per Khattri et al. (1984), the PGA value for
Kanpur city center is 0.05 g, as per 10% probability of exceedance in 50 years. Bhatia et al.

12

(1999) presented a PSHA of India under the Global
Seismic Hazard Assessment Program (GSHAP)
framework. As per Bhatia et al. (1999), the PGA
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Figure 9. Deaggregation of hazard value at Kanpur city center at bed rock at PGA for (a) 2% and (b) 10% probability of
exceedance in 50 years.
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(a)

(b)
Figure 10. PSHA map for Kanpur city for (a) 2% and (b) 10% probability of exceedance in 50 years.
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value is in between 0.05 and 0.1 g of Kanpur city
center, considering 10% probability of exceedance
in 50 years. As per Yadav et al. (2011), the return
period of moment magnitude 7 and more is 88.8
years, with a probability of 0.43 and 0.68 in 50
and 100 years, respectively. The predicted PGA
value in this study is comparable and slightly
higher than the previous studies, it may be due
to updated seismicity and considering regional
speciﬁc maximum magnitude and GMPE.

12

8. Site-speciﬁc spectrum
The site-speciﬁc spectrum (SSS) is generally used for
the seismic design of structures and to understand
the ampliﬁcation character of the region. In this
study, SSS is derived from the above-mentioned
GMPE for diﬀerent segments of the SSA. Three
vulnerable seismic sources causing hazard at the
central part of Kanpur and spectral acceleration
was delineated for deriving the SSS. The seismic
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Figure 11. Normalised design spectrum for Kanpur for 5% damping from three vulnerable sources and spectrum from 2011
Sikkim earthquake, 2015 Nepal earthquake and IS 1893 (2002) for (a) 2% and (b) 10% probability of exceedance in 50 years
comparing with worst case scenario DSHA result.
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sources S166, S165 and S167 are the most vulnerable
when compared to other sources. GMPEs
ABSI-08, ANBU-13, NDMA-10, KANO-06, NATH-05
and BOAT-08 are used up to a hypocentral
distance of 100 km. For 100–300 km distance,
KANO-06, ANBU-13, NDMA-10 and BOAT-10
and for a hypocentral distance greater than 300
km, NDMA-10 are used for deriving SSS (see table
6). Spectral coeﬃcients are the function of period
for respective GMPEs at 5% damping and were
taken from respective published research papers.
The NATH-05 GMPE was not used in deriving
SSS in this study, as it does not have spectral coefﬁcients for diﬀerent periods. Maximum and minimum smoothed spectrums from each GMPE have
been evaluated considering these three vulnerable
sources. Averaged smoothed spectrum from maximum and minimum smoothed spectra has been
developed as per Malhotra (2006). The smoothed
spectrum comprises a peak, valley and shape variation in response to spectrum from each GMPE.
The smooth spectra was developed by normalising
the SA value at a diﬀerent period with respect to
SA at zero periods (PGA) and given as spectral
ratio vs. period.
Figure 11(a) and (b) also show the normalised
uniform hazard spectrum for 5% damping considering DSHA values and PSHA with IS code and
Sikkim and Nepal earthquake spectrum comparison. This can be considered as the site-speciﬁc
normalised design spectrum curve for 5% damping
at the rock level for considering three venerable
sources at the center of Kanpur city. These rock
level normalised design spectrums were compared
with the Sikkim earthquake 2011 recorded at
Gangtok seismic station, located at rock site and
with Nepal 2015 with a station located at soil site.
It can be observed from ﬁgure 11(b) that up to
0.2 s, the spectral values are more than the IS code,
from 0.2 to 1.2 less than the IS code, and after
1.2 s, matching with the IS code. It has been seen
that the present DSHA design spectrum is predicting slightly higher value than recorded values and
2% probability of exceedance in 50 years (see ﬁgure
11). Site-speciﬁc spectrum developed for Kanpur
city is also compared with the design spectrum of
IS-1893 (2002) of soil category of type I (rock or
hard soil). The value of spectral acceleration developed for 2% probability of exceedance in 50 years
from the present study is equal for F167 and higher
for F166 and F165, when compared with IS-1893
(2002). Moreover, it is also higher in the case of
DSHA and lower, while considering PSHA with
10% probability of exceedance in 50 years, when
considering these three vulnerable sources. This
may be because IS-1893 (2002) deals on a macro
level (see ﬁgure 11a) and the present study is in
micro level and region speciﬁc. It has been observed
that the normalised design spectra developed in
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this study, both deterministically and probabilistically, is either higher or lower as compared to IScode. This might be due to the incorporation of
regional speciﬁc parameters and using site-speciﬁc
GMPE and maximum magnitude.
9. Conclusion
This paper presents the seismic hazard map and
site-speciﬁc design spectrum for Kanpur city,
considering both deterministic and probabilistic
approaches along with region-speciﬁc data. A seismic study area of 500 km was considered based on
past earthquake damage distribution and a seismotectonic map was generated. The seismotectonic
map consists of declustered and homogenised past
earthquake data and all the linear sources. The
maximum magnitude was estimated by considering four methods, i.e., the maximum observed magnitude, incremental method, Kijko method and
regional rupture-based characteristic method. The
maximum magnitude at each source was selected
by analysing the error and uncertainty in all
the methods, hence, diﬀerent weight factors were
assigned to these values calculated using these
methods. About 27 GMPEs are applicable to the
study region and suitable GMPEs are identiﬁed
by performing the eﬃcacy test. The segmentbased eﬃcacy test was carried out and GMPEs
were selected based on the same. Six GMPEs
such as ABSI-08, ANBU-13, NDMA-10, KANO06, NATH-05 and BOAT-08 were used up to
a hypocentral distance of 100 km. For 100–300
km distance, KANO-06, ANBU-13, NDMA-10 and
BOAT-10 were used and for a hypocentral distance
>300 km, NDMA-10 was used for hazard analysis. Hazard curve for 0, 0.05, 0.1, 0.2, 0.3, 0.4,
0.6, 0.8, 1.0, 1.6 and 2 s were also generated. The
hazard maps for both 2% and 10% probability of
exceedance in 50 years were developed. PGA varied from 0.04 to 0.36 g for DSHA, from 0.02 to
0.32 g in case for 2% probability and from 0.092
to 0.153 g for 10% probability in 50 years. Furthermore, site-speciﬁc design spectrum developed
using DSHA is comparable with 2% probability of
exceedance in 50 years; however, it is either low or
high when compared to IS-code for DSHA, as well
as PSHA. The present result is more region speciﬁc
and advanced than previous studies and can be further used for estimating microzonation parameter
of Kanpur district. Seismic hazard values given in
this paper are at rock condition with Vs30 > 1500
m/s. These values may alter when site eﬀects based
on site-speciﬁc soil properties are considered.
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