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Abstract Earthquakes are deadliest among all the natural disasters. The areas that have
experienced great/large earthquakes in the past may experience big event in future. In this
study, we have simulated Kangra earthquake (1905, Mw 7.8) and a hypothetical great
earthquake (Mw 8.5) in the north-west Himalaya using Empirical Green’s Function (EGF)
technique. Recordings of Dharamsala earthquake (1986, Mw 5.4) are used as Green
function with a heterogeneous source model and an asperity. It has been observed that the
towns of Kangra and Dharamsala can expect ground accelerations in excess of 1 g in case
of a Mw 8.5 earthquake and could have experienced an acceleration close to 1 g during
1905 Kangra earthquake. The entire study region can expect acceleration in excess of
100 cm/s” in case of Mw 7.8 and 200 cm/s” in case of Mw 8.5. The sites located near the
rupture initiation point can expect accelerations in excess of 1 g for the magnitudes
simulated. For validation, the estimates of the PGA for Mw 7.8 simulation are compared
with isoseismal studies carried out in the same region after the Kangra earthquake of 1905
by converting PGA values to intensities. It was found that the results are comparable. The
target earthquakes (Mw 7.8 and Mw 8.5) are simulated at depth of 20 km and 30 km to
examine the effect of PGA for different depths. The PGA values obtained in the present
analysis gave us an idea about the level of accelerations experienced in the area during
1905 Kangra earthquake. Future construction in the area can be regulated, and built
environ can be strengthened using PGA values obtained in the present analysis.
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1 Introduction

The Mw 7.8 Kangra earthquake (1905) in the north-west Himalaya was the first of the
several devastating twentieth-century earthquakes to occur in the northern India. More than
20,000 people are reported killed near the epicentre area, and about 100,000 buildings were
destroyed (Sharma and Lindholm 2011). The earthquake was felt extensively all over
India, and intensities of the order of X on MMI scale were observed in most of the areas
near the source (Ghosh and Mahajan 2013). Although this earthquake is not the only severe
event known to have happened in the western Himalaya, it had the largest death toll and
was one of the first in the era of instrumental seismology (Sharma and Lindholm 2011). It
is also among the four great Himalayan earthquakes to have occurred in the past 200 years.
Moderate earthquakes do occur every few decades along the small circle that defines the
southern edge of the Tibetan Plateau, but no historical earthquakes have ruptured the
surface along the Main Frontal Thrusts bordering the Himalayan foothills (Ambraseys and
Bilham 2000; Kumar and Mahajan 2001; Kumar et al. 2001; Bilham 2001). Seeber and
Armbruster (1981) have found evidence of strain accumulation in this region. There are lot
of uncertainties in defining the northern, southern and western edges of the inferred rupture
zone of the Kangra earthquake (Chandra 1978), since 1905, several minor earthquakes
have occurred in this region. The region has experienced an earthquake of Mw 5.4 named
as Dharamsala Earthquake on 26 April 1986. This earthquake occurred in the Kangra
region of Himachal Himalaya and lies in the rupture zone of Kangra earthquake of 1905.
This was also the first moderate-sized earthquake recorded at a few strong motion sites of
an array in the NW Himalaya (Sriram et al. 2005).

The recurrence of an earthquake similar or bigger to the 1905 Kangra earthquake has
been the most talked about issue among the researchers working in this region. It is
generally believed that under-thrusting of the Indian Plate beneath the Tibetan Plateau
drives earthquakes in the Himalaya. Wallace et al. (2005) found that the Kangra region
currently has a slip deficit of at least 1.4 m and could produce an earthquake of Mw 7.5.
The region can also rupture as a part of a much bigger earthquake (Mw 8.6). Similarly,
Bilham and Wallace (2005) have predicted a worse scenario, wherein re-rupture can
accompany a contiguous or enveloping rupture to the north-west or south-east of the region
with a much larger magnitude. Ambraseys and Bilham (2000) have suggested that the 1905
Kangra earthquake has occurred on an extended rupture in a major intra-crustal low-angle
thrust fault dipping gently under the north-west Himalaya. They indicated the possibility
that major earthquakes in this region occur at 50- to 200-year intervals. Furthermore, there
are several seismic gaps in the entire Himalayan belt where a segment of an active fault has
not slipped since long as compared to other segments along the same structure. In addition
to high seismic vulnerability, the surface materials and the methods of construction are
further aggravating the underlying problem. Most of the buildings are built on surface
material, which is colluvium. The growing number of multi-storied buildings built on
unstable slopes and without following building codes is a major concern for the
government.

We are always curious to know that if big earthquakes repeat in near future, then what
will be the level of acceleration expected in an area. For this purpose, simulation of strong
ground motion is very helpful, which in turn may be used for the hazard assessment of an
area. There are numerous techniques available to simulate strong ground motions, which
are being used all over the world. These techniques include stochastic technique, com-
posite source technique, envelope summation and Empirical Green’s Function (EGF)
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techniques. Many researchers have used stochastic methodology to simulate strong ground
motions in various parts of world (Boore and Atkinson 1987; Toro and Mcguire 1987; Ou
and Herrmann 1990; Chopra et al. 2010, 2012a, b). Composite source model technique
using synthetic Green’s functions was introduced by Zeng et al. (1993). EGF technique
was proposed by Hartzell (1978) and modified by Irikura (1986) and Irikura et al. (1997).
In this technique, the recordings of small earthquakes located near the target earthquake are
used as Empirical Green Function. This technique is used by many researchers worldwide
(Hartzell 1978; Irikura 1983, 1986; Ordaz et al. 1995; Frankel 1995; Singh et al. 2002;
Sharma et al. 2013).

In the present study, we have applied the methodology proposed by Irikura (1986) and
Irikura et al. (1997) to simulate strong motions for the 1905 Kangra earthquake (Mw 7.8)
and a hypothetical Mw 8.5 earthquake in the Kangra region. The recordings of Dharamsala
earthquake are used as Green function (element earthquake). The Dharamsala earthquake
(Mw 5.4) was recorded on nine strong motion accelerographs located in the Himachal
Himalaya region. Over the years, most of the cities in the region have undergone phe-
nomenal growth for various socio-economic reasons. Thus, the vulnerability of these cities
has increased considerably from seismic hazard point of view necessitating seismic hazard
evaluation. In view of this, an estimate of strong ground motion in this region is necessary,
and an attempt has been made to estimate the level of acceleration from a future
major/great earthquake in the Kangra region.

2 Seismotectonics of the region

The collision of the Indian and the Eurasian plates results in crustal shortening along the
northern edge of the Indian plate due to which three major thrust planes, i.e. the Main
Central Thrust (MCT), the Main Boundary Thrust (MBT), and the Main Frontal Thrust
(MFT), have been formed (Gansser 1964; Molnar and Chen 1982). This region has
experienced four great earthquakes in a span of 53 years: 1897 Shillong (Mw 8.1), 1905
Kangra Mw 7.8), 1934 Bihar—Nepal (Mw 8.4) and 1950 Assam (Mw 8.7) (Bilham 2004;
Kayal 2008). No great earthquake has occurred in the Himalaya since 1950 (Khattri 1999;
Bilham 1995; Seeber and Armbruster 1981; Bilham and Gaur 2000). The MCT is con-
sidered as one of the most important tectonic surfaces, and it continues throughout the
entire Himalaya almost up to the eastern syntaxes. The MBT is not a single thrust plane,
and it comprises number of overlapping thrust sheets. The Siwalik belt occupying a
sprawling foothill zone consists of outcrops of Tertiary rocks in several folded and faulted
strips. The Siwalik presents a picture of folded structural belt with broad synclines alter-
nating with steep, often faulted, narrow asymmetric anticlines. The axial planes as well as
the strike faults and thrusts on their limbs are steep at the surface and dip more gently
northwards at depth (Valdiya 1988, 2001; Srikantia and Bhargava 1998).

Inthe Lesser Himalaya, geological formations have suffered extensive tectonic movement
and the rock formations were subjected to displacement from its original place of deposition
(Valdiya 1988). In Kangra seismic region, MBT tectonically separates the tertiary rocks of the
sub-Himalaya from the Lesser Himalaya (Thakur et al. 2000). The Himalayan Frontal Fault
demarcates the tectonic boundary between the folded tertiary rocks of sub-Himalaya and the
alluvium of Indo-Gangetic plains. The Panjal Thrust, representing the MCT in this region, is
the southern boundary of the Chamba Nappe (Thakur et al. 2000; Kumar and Mahajan 2001).
The northern boundary of the Chamba Nappe is demarcated along the Chenab Fault against
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the underlying crystalline rocks of the Higher Himalaya (Thakur et al. 2000). The Lesser
Himalaya in Kangra—Chamba region is narrower as compared to sub-Himalaya, which is
much wider in the region. This suggests that convergence has consumed most of the Lesser
Himalayan formations in Kangra—Chamba region. The fault plane solution of the 1986
Dharamsala earthquake is a thrust fault whose dipping plane striking northwest—southeast
direction (Kumar and Mahajan 1990) while Kangra earthquake also has been considered as a
part of the same recognized tectonic scenario (Ghosh and Mahajan 2011). So we have
considered Dharamsala earthquake as an element earthquake to simulate target great/major
earthquakes in the same region under present study. Figure 1 represents the area of present
study along with stations, faults, epicentres of Kangra and Dharamsala earthquakes.

3 Method and data

In the present study, EGF technique is used to simulate two earthquakes in the Kangra
region. This technique was proposed by Irikura (1983) in which waveforms for target
earthquakes are synthesized with the help of the small earthquakes as Green’s function
(Fig. 2a). The target earthquake is generated using recordings of small earthquakes after
applying corrections for slip velocity time function of large and small earthquakes. The
equations used to synthesize a large event are given as follows (Irikura et al. 1997):

N

Uty = (r/ry) - F(1) = (C- u(n)) (1)

i=1 j=1
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Fig. 1 Seismotectonic set-up of Kangra and surrounding area along with nine stations where SMA data are

available. Red stars are the epicentres of Kangra (1905) and Dharamsala (1986). Contour bar shows
elevation in metres

@ Springer



Nat Hazards (2016) 80:487-503

491

Fig. 2 a Idea of the Empirical
Green’s Function technique to
use an observed small event as
Green’s function for simulation
of a large earthquake. b An
exponential slip function to boost
the low-frequency energy in the
simulation (after Irikura et al.
1997)
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where U(f): synthesized waveform (large event), u(f): observed element waveform, N:
moment ratio of large/small event, T: rise time of large event, C: stress drop of large/small
event, r: the hypocentral distance from observation point to the subevent, rij: the distance
from the observation point to the subfault with ith row and jth column, #ij: the rise time
divided by the number of subfaults, n’: an appropriate integer to eliminate spurious peri-
odicity and *: convolution. Irikura et al. (1997) introduced an exponential slip function to

P (2)
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boost the low-frequency energy in the simulation as shown in Fig. 2b. This improved
relation is used to simulate strong ground motion for the Kangra region in the present
study.

The difficulty in evaluating the effects of heterogeneities in the earth’s structure is
removed by using EGF technique, as the element earthquake carries the complex effects of
heterogeneous structure from the source to the site. The limitation of this method is that
this method can be applied only in the regions where recordings of small earthquakes from
a potential source zone are available. Stress drop ratio between the large and the small
earthquakes is also an important factor due to which PGA values may be affected. PGA
may also vary with the location of asperity on the fault. The position of asperities on a fault
plane may relate to background seismicity, which may not be the actual position at the time
of a big earthquake. In spite of these limitations, EGF technique is a powerful technique to
estimate strong ground motions at a site where small earthquake recordings are available.

Strong ground motions of Dharamsala earthquake, recorded at 9 stations operated by the
Department of Earthquake Engineering, IIT, Roorkee, are used as element earthquakes.
Figure 1 shows the locations of stations where Dharamsala earthquake was recorded along
with seismotectonic set-up of the region. The parameters used for an element and target
earthquakes are provided in Table 1. According to Irikura et al. (1997), the difference
between the magnitude of the element and the target earthquake should be less than two,
but in the present case the difference between simulating earthquakes (Mw 7.8 and 8.5) is
more than 2. In view of this, we employed two-stage simulations. In the first step, we have
simulated Mw 6.5 (Middle event) earthquake, and then, with the help of the middle event,
target events, i.e. Mw 7.8 or 8.5, are synthesized as explained in Fig. 3. We have simulated
Mw 7.8 earthquake in order to validate our results with 1905 Kangra earthquake and prove
the efficacy of the methodology in predicting ground motions at the site of interest. The
intensity maps of the 1905 Kangra earthquake are available in the literature. The PGA
obtained in the present study is converted into equivalent intensities using region-specific
intensity—PGA relations and then compared with observed values.

Table 1 Parameters used for observed and simulated earthquakes

Element earthquake Middle earthquake Future target Future target
earthquake earthquake
Dharamsala earthquake (Middle earthquake)  Future great Future great
(element earthquake) Mw 6.5 earthquake earthquake
26 April 1986, Mw 5.4 (target earthquake) (target earthquake)
Mw 7.8 Mw 8.5
Location Same as element Same as element Same as element
32.18°N, 76.43°E earthquake earthquake earthquake
My = 2.1 x 10* dyne-cm My = 1.97 x 10? My = 5.62 x 1077 Moy = 631 x 10°
(Sriram et al. 2005) dyne-cm dyne-cm dyne-cm
(Hanks and Kanamori (Hanks and Kanamori (Hanks and Kanamori
1979) 1979) 1979)
Depth = 7 km (source) Depth = 30 km and  Depth = 30 km and  Depth = 30 km and
(Sriram et al. 2005) 20 km 20 km 20 km
Strike = 299°, dip = 19° and Same as element Same as element Same as element
slip = 58° (CMT Harvard) earthquake earthquake earthquake

t = 0.0726L, V, = 0.72V,, Vi, = 3.6 km/s (Geller 1976), t is rise time, L is length of fault, V; is rupture
velocity and V; is s wave velocity
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Step 1 “ Step 2
element event | s | middle event | target event

Mw=5.4 Mw=6.5 Mw=7.8 or 8.5

Fig. 3 Diagram to show the two-step simulation used in the present study

The fault plane solution of the Dharamsala earthquake of 1986 was estimated by Sriram
et al. (2005). It is important to note that the fault plane solution of the element and the
target earthquake should be nearly same, which is a prerequisite of EGF method. Also,
Hough et al. (2005) have mentioned that Kangra earthquake of 1905 was a low-angle thrust
rupture of the main Himalayan decollement fault, and according to Sriram et al. (2005)
Dharamsala earthquake of 1986 had a low-angle thrust rupture plane. Bilham and Wallace
(2005) suggested that the rupture for the 1905 Kangra earthquake (Mw 7.8) was around
110 x 55 km? (Fig. 4a). The fault area considered for the Mw 8.5 earthquake is consid-
ered to be 313 x 75 km? using the formulations given by Somerville et al. (1999). Some
areas on a rupture plane, called asperities, are prone to large slips as compared to the
average slip on the fault. These are the potential areas of large accelerations during
faulting. Miyake et al. (2001, 2003) found that asperities are the sites where strong ground
motions are generated. The location of the asperities on a fault surface can be decided on
the basis of surface offsets along a fault, slip rate from the GPS observations or background
seismicity (Irikura and Miyake 2011). In the present study in the absence of information
about slip rates, surface offsets from the studied region, we utilized background seismicity
information for deciding asperity for the target event. We have assumed a heterogeneous
fault model consisting of one asperity inside the total rupture area utilizing expressional
relationships and source parameters (Somerville et al. 1999). Figure 4b depicts the total
rupture area and position of the asperity for the simulation of Mw 7.8 earthquake. The
input parameters of the asperity for target earthquake of Mw 7.8 and Mw 8.5 are provided
in Table 2. These parameters are estimated according to the formulations suggested by
Irikura et al. (1997). The number of subfaults on the main fault depends on the seismic
moments of the target and the element earthquakes. The asperity has been placed in such a
way that the path of the seismic waves from the target earthquake does not deviate much,
which is a precondition of the EGF technique. The area of the asperity in both the sim-
ulations on an average occupied around 23-24 % of the total rupture area (Somerville et al.
1999). Rupture initiation point for Mw 7.8 and 8.5 earthquakes is same as that of the
element earthquake, i.e. hypocentre of Dharamsala earthquake. Rise time and rupture
velocity are estimated by the formulations given by Geller (1976). Most of the earthquakes
in the NW Himalaya have found to have stress drop of around 40 bars (Dinesh et al. 2006;
Sharma and Wason 1994). In view of this, the ratio of stress drop for the simulated and
element earthquakes is assumed to be 1.0 in the present analysis.

4 Results and discussion

In the present study, level of ground motions experienced during the 1905 Kangra earth-
quake (Mw 7.8) in Kangra and adjoining regions are determined. Additionally, ground
motions for a scenario earthquake of Mw 8.5 are also determined. The EGF technique is
used (Irikura et al. 1997) to model the expected ground motions. The recordings of
Dharamsala earthquake (26 April 1986) are used as element earthquake at each site to
model ground motion at various sites. The ground motions for all the three components at
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«Fig. 4 aTotal rupture area and asperity in the Kangra and surrounding region. Contour bar shows elevation
in metres. b Total rupture area and position of asperity for the studied region to simulate Mw 7.8 (Modified
after Kumar et al. 2012)

Table 2 Parameters used for asperity models

Parameter Asperity for Mw 7.8 Asperity for Mw 8.5
Rupture area 38 x 38 km? 75 x 75 km?
1444 km? (Somerville et al. 1999) 5625 km? (Somerville et al. 1999)
No. of subfaults 4 x 4 (Irikura et al. 1997) 10 x 10 (Irikura et al. 1997)
Strike, dip and rake Strike = 299°, dip = 19° and slip = 58° Strike = 299°, dip = 19° and slip = 58°
Seismic moment My = 5.62 x 107 dyne-cm My = 631 x 103
(Hanks and Kanamori 1979) (Hanks and Kanamori 1979)

Table 3 PGA (observed and simulated) for each site in Kangra Region at 20 and 30 km depths

Station Station Latitude  Longitude = PGA (cm/sz) PGA (cm/s?) PGA (cm/s?)
code (°N) (°E) observed simulated simulated
Mw 5.4) Mw 7.8) Mw 8.5)

20km 30km 20km 30 km

Bandlakhas BAND  32.13 76.53 142 799 723 955 924
Baroh BARO 32 76.317 58 337 257 536 384
Bhawarna BHAW  32.05 76.5 36 242 293 293 343
Dharamsala DHAR  32.22 76.32 183 989 953 1194 1146
Jawali JAWA 32.15 76.02 17 103 121 172 171
Kangra KANG  32.1 76.27 145 888 840 1185 1039
Nagrota NAGR  32.1 76.38 146 372 371 496 408
Shahpur SHAH 3222 76.18 243 945 884 1183 1005
Sihunta SIHU 323 76.08 50 145 208 244 234

each station are simulated considering radial propagation of the rupture. The observed and
simulated PGA values at all the sites along with the locations are given in Table 3. The
time histories of element and target earthquakes (Mw 7.8 and Mw 8.5) for all the nine sites
considered in the present study are shown in Fig. 5. The intensity map for the Mw 7.8
Kangra earthquake of 1905 is available in the literature. The epicentre of 1986 Dharamsala
Earthquake was located close to the 1905 Kangra earthquake epicentre. We can validate
the results obtained from Mw 7.8 simulations using intensity observations. There are
several PGA—intensity relationships available in the literature, and we checked the validity
of them for the studied region by comparing observed and calculated intensities. The
relationships given by Linkimer (2008), Wald et al. (1999), Murphy and O’Brien (1977)
and Prajapati et al. (2013) are tested for the purpose. These relationships have been utilized
to compare the observed and calculated intensities of Uttarkashi (1991, Mw 6.9) and
Chamoli earthquakes (1999, Mw 6.5), which have occurred in the NW Himalaya. The
intensity values for these two earthquakes and PGA values are available. Figure 6 depicts
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Fig. 5 Observed and simulated earthquakes for nine sites in Kangra and surrounding region. PGA is written
for all the earthquakes

the comparison between the observed and the calculated intensities based on the empirical
relations given by Linkimer (2008), Wald et al. (1999), Murphy and O’Brien (1977) and
Prajapati et al. (2013) using data of Chamoli and Uttarkashi earthquakes. It has been
observed from Fig. 6 that the relations given by Wald et al. (1999) and Murphy and
O’Brien (1977) show good comparison between the observed and calculated intensities,
whereas empirical relations given by Prajapati et al. (2013) and Linkimer (2008) overes-
timated the intensities. In view of this, the relationships of Wald et al. (1999) and Murphy
and O’Brien (1977) can be used to convert PGAs into intensities for the studied region. We
have converted PGA values obtained from the simulation for Mw 7.8 earthquake into
intensities according to the relationship given by Wald et al. 1999 and Murphy and
O’Brien (1977) (Table 4). These values are compared with the intensity values for the
1905 Kangra earthquake estimated from the intensity map (Ghosh and Mahajan 2013) as
shown in Fig. 7. It has been observed from Table 4 that the intensity values are comparable
with the values of Ghosh and Mahajan (2013). Overall, it seems that PGA values modelled
for Mw 7.8 earthquake using EGF technique are predicted reasonably well.

The distribution of simulated PGA in the area is shown in Fig. 8. During Mw 7.8
earthquake, Shahpur and Dharamsala towns can expect pga ~1 g at 20 km depth. The
towns of Kangra and Bandlakhas may have experienced PGA ~0.8 g. It has been
observed that Kangra, Dharamsala and Shahpur might have experienced PGA in excess of
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1 g in case of Mw 8.5 earthquake occurring in the same region at 20 km depth (Fig. 8). In
both cases, we observed that PGA decreases rapidly in the NW direction as compared to
the SE part. The same is true for isoseismal map of 1905 Kangra earthquake as shown in
Fig. 7. Kumar and Mahajan (1991) also inferred that the attenuation was faster in NW
direction as compared to SE direction for Dharamsala earthquake of (1986). Also, the PGA
values at depths 20 and 30 km are estimated in order to see the effect of depth on PGA. It is
found that at depth 20 km the PGA is found to be more than that of the PGA at 30 km
depth as shown in Fig. 8. The 1905 Kangra earthquake and subsequent 1968, 1978 and
1986 Dharamsala earthquakes are in the same seismogenic zone (Kumar and Mahajan
2001). The depth of the earthquakes is controlled by folded free end of plunging Indian
basement (Kumar 1990) lying about 15-20 km in Kangra region. The earthquakes in this
region show thrust faults with strike—slip components. In view of this, we considered 1986
Dharamsala earthquake to be in the same seismogenic zone where 1905 earthquake has
occurred. Earthquakes in the same seismogenic zone exhibit similar characteristics.
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Table 4 Comparison of isoseismal values computed using relation given by Wald et al. 1999 with intensity
distribution estimated by Ghosh and Mahajan (2013)

Station Intensity values (Ghosh and  Intensity values Kangra Intensity values Kangra

Mahajan 2013) for Kangra earthquake (Mw 7.8) earthquake (Mw 7.8) (Murphy

earthquake (Mw 7.8) (Wald et al. 1999) and O’Brien 1977)

20 km 30 km 20 km 30 km

Bandlakhas IX IX IX X IX
Baroh VIII VIII VII VIII VIII
Bhawarna IX VII VII VIII VIII
Dharamsala X IX IX X X
Jawali vl VI VI Vil VII
Kangra IX IX IX X X
Nagrota X VIII VIII IX IX
Shahpur X IX X X X
Sihunta viI VI viI VIII VII

Several authors have carried out probabilistic seismic hazard assessment (PSHA) for
different parts of the India including NW Himalayan region (Khatri et al. 1984; Bhatia
et al. 1999). Khatri et al. (1984) found that Himachal Pradesh can expect PGA between 0.4
and 0.7 g for 10 % probability of exceedance in 50 years, whereas Bhatia et al. (1999)
estimated PGA between 0.10 and 0.30 g for 10 % probability of exceedance in 50 years
for the Himalayan region which includes NW Himalayan region. Parvez et al. (2003) have
carried out deterministic seismic hazard assessment of India and adjoining regions. They
have observed wide variation in design ground accelerations (DGAs) across India and
found that for the Kangra region, DGA ranges from 0.30 to 0.60 g. On the other hand,
Mahajan et al. (2010) found that in the Kangra region and adjoining PGA between 0.020
and 0.50 g is expected for 10 % probability of exceedance in 50 years. These values will
be high for a 2 % PE in 50 years, which is considered a worst scenario (Shaligram et al.
2014). Sriram and Khattri (1999) have estimated PGA in the Kangra region for a mag-
nitude of 6.2 scenario earthquake using recordings of Dharamsala Earthquake and com-
posite source model and obtained PGA of 0.7 g. The PGA values obtained in the present
study vary from 0.07 to 1.05 g for Mw 7.8 and 0.1 to 1.25 g for Mw 8.5 in the NW
Himalaya, which are the worst scenario cases.

It has been observed from the present study and by several other researchers (Khattri
1999; Sriram and Khattri 1999; Bilham and Wallace 2005; Mukhopadhyay et al. 2011;
Gupta and Gahalaut 2014) that Himalayan region is prone to large/great earthquakes and
PGA in such cases may exceed 1 g in the meizoseismal area. The gap between the 1905
Kangra and 1934 Bihar—Nepal earthquakes is considered as the central seismic gap (Seeber
and Armbruster 1981). It is now also understood that the 1905 Kangra earthquake with an
Mw 7.8 was not a great earthquake and its rupture was not up to Dehradun, and the length
of this gap has increased (Ghosh and Mahajan 2013). Geodetic observations show that
strain energy is building up in the region (Chander and Gahalaut 1994; Bilham et al. 2001;
Banerjee and Biirgmann 2002). Recently, it has been emphasized by Gupta and Gahalaut
(2014) that Kangra region has the potential to generate a great/major earthquake and hence
may be declared as a seismic gap. Most of the houses in the region and hilly terrains of NW
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Fig. 7 Intensity map of 1905 Kangra earthquake (after Ghosh and Mahajan 2013)

Himalaya are made up of mud, burnt bricks and stones, which are devoid of strength (Arya
1995). They rest on colluviums that are prone to soil creep which can destroy foundations.
The present study and Srivastava et al. (2010) have put seismological constraints on the
1905 Kangra earthquake, and there is a need for earthquake hazard assessment and disaster
mitigation in the NW Himalayan region where the influence of surface wave on tall
structures and longer duration of shaking need to be ascertained. Kumar et al. (2012) have
studied seismogenesis of the clustered seismicity beneath Kangra—Chamba area using
tomography and came out with a conclusion that intense seismicity in a block of
30 x 30 km? centred NE to the epicentre of Kangra earthquake.

The present study is an attempt to estimate deterministic seismic hazard assessment for
Kangra region. Level of ground accelerations expected in this region for 1905 Kangra and
the great earthquake has been ascertained. Due to the socio-economic importance of the
Kangra region and poor construction practices followed, there is an urgent need to assess
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Fig. 8 PGA distribution for simulated Mw 7.8 and Mw 8.5 at two different depths at nine sites in the
Kangra and surrounding area. Vertical bars show the corresponding PGA values for the particular site
estimated at 20 and 30 km depths

seismic hazard in this hilly area. The present study will be quite useful for assessing
seismic hazard of Kangra and adjoining region.

5 Conclusions

The NW Himalayan region is considered to be a potential site for the next great earthquake
as discussed by several researchers. The region has experienced a Mw 7.8 earthquake in
1905, more than a century ago. Dharamsala earthquake of 1986 (Mw 5.4) occurred very
close to the epicentre of 1905 Kangra earthquake. Using EGF approach, we model this
earthquake and tried to obtain ground motions for Mw 7.8 earthquake similar to Kangra
earthquake. Also, a great earthquake of Mw 8.5 is simulated at same site. The level of
ground motions for the Mw 7.8 earthquake is converted into intensities using empirical
relationships and is compared with the observed intensities of the 1905 Kangra earthquake.
It has been observed that intensity values are found to be comparable. The present study
using EGF methodology has provided constraints on the level of accelerations experienced
during Kangra earthquake. It has been observed that the towns of Kangra and Dharamsala
may have experienced ground accelerations around 1 g during Mw 7.8 and may expect
acceleration in excess of 1 g in case of Mw 8.5 scenario earthquake. This study will be
helpful to the society because the PGA estimated here is helpful for the engineering
community for planning future construction and retrofitting existing structures in the
region.
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