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The 500–800 km long segment located between the rupture zones of 1905 Kangra
(MW 7.8) and 1934 Bihar–Nepal earthquake (Ms 8.3) known as central seismic gap
has not generated any great event since historic times. The objective of the present
study is to simulate displacement time histories in the Garhwal-Himalayan region
for a hypothetical great earthquake in the seismic gap using spectral ﬁnite element
method. The orientation of the rupture plane, slip ﬁeld and rupture velocity are
modelled as random variables and ensemble of ground motions have been
simulated. Contour maps of peak ground displacement (PGD) and peak ground
residual displacement (PGRD) are provided in the epicentral region. The statistics of
PGD at important cities and towns in the epicentral regions have been presented.

1.

Introduction

At present, seismic design of structures is completely based on peak ground
acceleration (PGA) and response spectra. This may be valid when the site is located
far away from the fault. In the near-ﬁeld region, peak ground displacement (PGD)
associated with high peak ground velocity (PGV) controls the behaviour of the
structures. At the location of interest to the proposed or existing civil infrastructure
construction, PGD refers to the instantaneous maximum displacement sustained by
the ground at the point of interest, and peak ground residual displacement (PGRD)
reﬂects the permanent movement caused by the end of the earthquake shaking due to
the eﬀect of slip across the fault, which is in the near neighbourhood of the
construction in focus. Clearly, these eﬀects are pronounced in the near neighbourhood of faults and lineaments and die down sharply with distance away from the
faults and lineaments. The Kutch earthquake of 26 January 2001 was an example in
the recent past where structural failure could be attributed to near source motion
leading to severe ground deformation (India Meteorological Department (IMD)
2002). Engineering codes generally advise that sites susceptible for ground failure
should be avoided (USNRC 1997). While this is sound advice for new constructions,
existing cities and heritage sites still pose a challenge in areas located near the faults
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in India. Peak ground displacement associated with high PGV imposes high
deformation demands in the ﬂexural plastic hinge regions of inelastic structural
elements. Seismic design of these structural elements should ensure that the elements
have requisite high inelastic deformation capacity. Moreover, design of structures for
PGRD poses challenge to engineers. Large PGRD generated across faults and
lineaments are too severe on infrastructure facilities that run across such active faults
and lineaments, especially in high seismic regions. Examples of such facilities
crossing faults and lineaments include tunnels, pipelines carrying crude oil and
water, electric power transmission lines, bridges across rivers and gorges, railway and
highway embankments and permanent-way/pavements, dams and other water
retaining and distributing structures, and long-span bridges and long buildings and
structures. They must be designed and detailed to comply with these imposed PGRD
and accommodate the expected deformations through appropriate spatial design for
easy post-earthquake restoration work. Unfortunately, near source strong motion
records are not available for large magnitude events in India. The near source eﬀects
will be felt up to large epicentral distances for great events.
Among the several regions in India, the Himalaya has been exceptionally quiet in
terms of great earthquakes in the past 50 years. The 500–800 km long segment
located between the rupture zones of 1905 Kangra (Ms 7.5) and 1934 Bihar–Nepal
earthquake (Ms 8.3) which is also known as Garhwal–Kumaun Himalaya has not
generated any great event since historic times. This unruptured part of the
Himalayan arc, also known as central seismic gap has raised concerns about the
occurrence of next great earthquake (Khattri 1987). The recent GPS measurements
indicate that the strain in this region is increasing and has the capability of
generating one or more great earthquakes (Bilham and Gaur 2000, Bilham et al.
2001). A great earthquake in this gap can cause huge loss of life and severe damage
to structures near the epicentre. Wyss (2006) estimated expected human loss for this
great event to lie in between 0.1 and 0.3 million, respectively. Although, the tectonics
and geology of Himalaya is well documented, there is lack of information on ground
motion data of such events. There have been eﬀorts by previous investigators to
simulate ground motion for such a great Himalayan event (Yu et al. 1995, Singh
et al. 2002, Parvez et al 2011). These studies estimated acceleration time histories at
important locations in the region. Information on displacement time histories in the
near source region is not available. For great events, it would be interesting to know
the spatial variability of ground motion in the near source region. The objective of
the present study is to simulate displacement time histories for such hypothetical
earthquake in the Garhwal-Himalayan region. The spectral ﬁnite element method
(SPECFEM) is used to simulate displacement time histories for the hypothetical
earthquake (MW ¼ 8.5) considering uncertainties in strike, dip and rake angles, slip
on the fault, depth of top edge of fault, rupture velocity. Contours of peak and
permanent displacements are plotted for the places around the epicentre.
2.

Seismic setting of Himalaya

Indian subcontinent can be divided into three physiographic divisions namely the
Himalayas, Indo-Gangetic plains and peninsular India (Valdiya 2010). Of these three
divisions, Himalaya is seismically the most active region. Himalaya is 2500 km long
and the width varies from 250 to 300 km from Kashmir in the north-west to
Arunachal Pradesh in the north-east. Himalayan arc is convex southwards with
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Hazara syntaxis marking the western extremity and the Siang syntaxis marking the
eastern extremity. The Himalayan arc meets Pamir–Hindukush region and the
Burmese arc at its western and the eastern ends, respectively. The Himalayan
Mountain is believed to have been formed 50–60 million years ago due to the
collision of Indian plate with Eurasian plate along the Indus Tsangpo suture (ITS).
Due to this collision, there is a continuous build up of strain which makes Himalaya
seismically active. This collision gives rise to the formation of active faults like the
Trans Himadri Fault (THF), Main central thrust (MCT), the Main Boundary thrust
(MBT) and the Main Frontal thrust (MFT). These faults run along the entire length
of Himalaya and divide it into four units namely the Tethys Himalaya, the Greater
Himalaya, the Lesser Himalaya and the Outer Himalaya.
The MCT dips 308 to 508 northwards and separates the Greater Himalaya from
Lesser Himalaya. The MBT dips 308 to 508 northwards and separates the Lesser
Himalaya and Outer Himalaya (Kayal 2008). The fault map of Garwhal Himalayan
region is shown in ﬁgure 1 superposed with epicentres of past events with magnitude
greater than 6. The MFT separates the Outer Himalaya from the Himalayan
Foredeep or the Indo-Gangetic plain. Apart from these major faults, there are a
number of faults present in this region. The faults in the Indo Gangetic plain region
exhibit a NE–SW trend and are transverse to the Himalayan chain.

Figure 1. Seismotectonic map of Garwhal Himalaya. Yellow rectangle – Indicates location
of the rupture plane of the hypothetical event (GSI 2000).
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A seismic gap is deﬁned as that region of an active fault which has not ruptured in a
considerable amount of time and has a high potential to produce great earthquakes in
the next few decades. The seismicity of the Himalayan region is concentrated at three
belts namely the Hindukush region, Kumaon–Nepal border in the middle and the
eastern syntaxis (Valdiya 1976). There were four great earthquakes along the
Himalayan mountain chain in the last century. They are 1897 Assam (Ms 8.7), 1905
Kangra (Ms 7.5), 1934 Bihar–Nepal (Ms 8.3) and the 1950 Assam (Ms 8.6). Based on
the locations of these earthquakes, three seismic gaps have been identiﬁed. They are
Kashmir gap (to the west of 1905 Kangra earthquake), Central Seismic gap (region
between the epicentres of 1905 Kangra earthquake and 1934 Bihar–Nepal earthquake)
and the Assam Gap (region between the epicentres of 1897 earthquake and 1950
earthquake). Khattri and Tyagi (1983) studied the seismicity of this region and
identiﬁed areas of high seismic potential. It has been observed that all the great
earthquakes in this region were preceded with a quiescence period of at least 19 years.
They pointed out that the central seismic gap is capable of generating three great
earthquakes. The probability of occurrence of a great earthquake in the central seismic
gap is estimated to be 0.52 which is much higher than the other gaps (Khattri 1999).
Bilham et al. (2001) estimated the slip potential of the central Himalayan region
assuming the convergence rate of the plates as 20 mm/yr. In the places which were quiet
in terms of large earthquakes, there is a high potentiality of slip exceeding 10 m.
3.

Spectral ﬁnite element method

The techniques available to simulate ground motion can be broadly classiﬁed into
empirical- and mechanics-based models. Empirical methods are popular to estimate
ground motion in probabilistic seismic hazard analysis. These models have large
variability due to simple representation of the earthquake source process and wave
propagation in the medium. The above uncertainties can be reduced by using
sophisticated mechanistic models. The availability of ground motion data in the past
ﬁve decades has improved our understanding on rupture propagation on faults and
provided high resolution images of the Earth. To take advantage of this information,
numerical methods for solving the equation of the motion have been developed to
simulate ground motion. Among the several numerical techniques, spectral ﬁnite
element method introduced by Patera (1984) and developed by Komatitsch and
Tromp (2002a,b) for seismological applications has become popular to estimate
ground motion on regional scale. The developments of the spectral element method
for global seismic wave propagation are available in Komatitsch et al. (2005) and
Chaljub et al. (2007). The important features of SPECFEM are brieﬂy mentioned
here. The equation of motion of Earth with solid crust, mantle and inner core and
liquid outer core can be expressed in spherical coordinate system (r, y, f) as
rðrÞ

@ 2 uðr; tÞ
¼ r  sðuÞ þ rðru  gÞ  r  ðruÞg þ fðr; tÞ
@t2

ð1Þ

where u(r, t) is the displacement ﬁeld. r(r) is the material density and g is the
gravitational acceleration. The body force components, f(r, t) for a unit impulsive
double couple are
fðr; tÞ ¼ M  rdðr  rs ÞSðtÞ

ð2Þ
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where d denotes the Dirac delta function, S(t) denotes the source time function. The
moment tensor, M is related to the average slip (D), area (A) and orientation of the
fault plane as (Aki and Richards 1980)
Myy ¼ mAD sin ðdÞcos ðlÞsin ð2fÞ þ sin ð2dÞsin ðlÞsin2 ðfÞ



Myj ¼ mADðsin ðdÞcos ðlÞcos ð2fÞ þ 0:5sin ð2dÞsin ðlÞsin ð2fÞÞ
Mry ¼ mADðcos ðdÞcos ðlÞcos ðfÞ þ cos ð2dÞsin ðlÞsin ðfÞÞ

Mjj ¼ mAD sin ðdÞcos ðlÞsin ð2fÞ  sin ð2dÞsin ðlÞcos 2 ðfÞ

ð3Þ

Mrj ¼ mADðcos ðdÞcos ðlÞsin ðfÞ  cos ð2dÞsin ðlÞcos ðfÞÞ
Mrr ¼ mADðsin ð2dÞsin ðlÞÞ
where f, d and l denote the strike, dip and rake angle of the rupture plane
and m denotes the rigidity modulus of the material. The equation of motion for
stably stratiﬁed and isentropic ﬂuid in the outer core can be written as
rðrÞ



@ 2 uðr; tÞ
1
kr

u
þ
u

g
¼
r
@t2
r

ð4Þ

where k is the ﬂuid’s bulk modulus. The boundary conditions for earth medium can
be expressed as
(1)

The surface of the Earth is stress free on the continental crust
sðr; tÞ  nðrÞ ¼ 0 8r 2

(2)

ð5Þ

c

Continuity of normal component of velocity and normal stress at the
boundaries between inner core boundary and core mantle boundary


@u
 nð r Þ
@t


¼ 0 8r 2 ICB; CMB

ð6Þ

½jsðr; tÞ  nðrÞj ¼ 0 8r 2 ICB; CMB
(3)

ð7Þ

The oceans are modelled as surcharge on ocean crust boundary which can be
expressed as
sðr; tÞ  nðrÞ ¼ rw hnðrÞ 

@ 2 uðr; tÞ
8r 2
@t2

OCB

ð8Þ

with rw being the density of the sea water and h is the depth of the oceans. The
equations (1) and (4) have to be solved subjected to the above three boundary
conditions. In SPECFEM, the integral or weak formulation of the problem is
obtained by taking the dot product of the equations of motion with an arbitrary test
vector and integrating by parts over the volume of the Earth and imposing the
boundary conditions. The region of interest is divided into several non-overlapping
hexahedral elements. The material constants can vary with each element but the
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displacements are assumed to be globally continuous. Each element is obtained by
mapping of a reference cube using the classical Jacobian matrix. The admissible
functions on the element are approximated by higher degree Lagrange polynomials.
The integration over volume elements is evaluated numerically by Gauss–Lobatto–
Legendre (GLL) quadrature rule. In SPECFEM, the GLL quadrature points are

Figure 2. (a) Spectral element mesh of the chunk. (b) Spectral element mesh. Element size
increases with depth.
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used to deﬁne the Lagrange polynomials to represent displacements on the element.
The Lagrange interpolation with GLL points results in exponential convergence
compared to classical ﬁnite element method. Another interesting property of
SPECFEM is that the mass matrix becomes diagonal and hence inverse mass matrix
can be exactly computed. Explicit time stepping schemes based on ﬁnite diﬀerence
method can be used to solve equation of the motion. After discretizing the three
layers in Earth’s interior, the global system of ordinary diﬀerential equations in time
to be solved can be written as
Mu þ Ku þ Bu ¼ F

ð9Þ

where M and K are the global mass matrix and stiﬀness matrix. B contains terms
related to the boundary interactions at cmB and ICB and F is the source term. Since
the oceans are modelled as surcharge, the mass matrix M is replaced by M þ m at the
nodes located on the ocean ﬂoor where m denotes the ocean load (equation (8)).
Explicit expressions for the mass, stiﬀness, and boundary interaction matrices at
elemental level and further construction of these matrices at global level are available
in the article of Komatitsch and Tromp (2002). An explicit second-order ﬁnite
diﬀerence scheme is used to march the above equation in time. A series of standard
linear solid models are used to simulate viscoelasticity in the medium (Liu et al. 1976).
3.1

Spectral element mesh

The SPECFEM3D Globe package (Bozdag et al. 2010) which is a collection of
FORTRAN subroutines is used to simulate ground motion time histories in this

Figure 3.

Sample realization of slip ﬁeld (cm) on the rupture plane.

Regional level ground motion simulation

209

210

S.T.G. Raghukanth et al.

study. Due to the large scale of computation that needs to be performed, the
simulations cannot ﬁt on a single computer The global version of the package has
been implemented on the VEGA super cluster available at IIT Madras using job
scheduling software ‘‘portable batch system’’ (Raghukanth and Bhanuteja 2012).
The VEGA super cluster is based on HP Proliant DL160 G5 servers with Quad-core
Intel Xeon processors. This Cluster consists of 128 nodes. Each node consists of
eight processors. The ﬁrst step in SPECFEM is to develop the mesh of the
computation domain. The Earth is divided into six chunks based on the cubed sphere
mapping where a cube is projected onto the circumscribed spherical interface. The
global mesh is generated with a smooth transition between the six faces of the cube
located at the centre of the Earth in the inner core region and the outermost spherical
interface (Sadourny 1972, Ronchi et al. 1996). Instead of modelling the entire globe,
a single chunk mesh is used in this study for estimating the ground motion. This is
shown in ﬁgure 2. The advantage of using chunk mesh is that more number of
elements can be used to model the region. The chunk is centred at 308 N and 808 E.
The size of the chunk is 608 6 608 with absorbing boundary conditions at the edges
of the mesh (ﬁgure 2). To allow for similar number of grid points per wavelength, the
size of the spectral element is increased with the depth. This chunk is divided into 256
slices with each slice assigned to one processor. The total number of processors
needed to handle the mesh would be 256. Each slice is further subdivided into
40 6 40 spectral elements at the earth’s surface. The total number of spectral
elements in one chunk mesh is 13.2 million. Each spectral element consists of 125
grid points. Since grid points are shared among the elements, the chunk mesh is
represented by 872.2 million grid points. Since size of the element increases with
depth, 89% of the spectral elements are located in the crust and mantle. The total
number of degrees of freedom in entire mesh is 2.31 billion. The average grid spacing
at the Earth’s surface is about 2.61 km. The simulated displacement time histories
are valid up to a shortest period of 4.5 s. The 3-D velocity model for the mantle and
crust are taken from the work of Kustowski et al. (2008) and Bassin et al. (2000). The
topography and bathymetry model available at 5-min interval grid (ETOPO5) is
from the US National Oceanic and Atmospheric Administration (http://
www.ngdc.noaa.gov/). The viscoelastic constants of the crust, mantle and inner
core are taken from Komatitsch and Tromp (2002).
4.

Source parameters for Mw 8.5 event

Once the material properties and SPECFEM mesh are ﬁxed, it remains to specify the
seismic forces. The earthquake source is represented in terms of the slip distribution
on the rupture plane (equation (3)). The simulations are done by considering the
uncertainties in the fault parameters and the slip distribution. As the source
parameters for this hypothetical event will not be known, they are generated as
uniform random variables. The range of these parameters is ﬁxed based on the
seismotectonics and past seismicity in the Himalayan region (Yu et al. 1995, Kayal
2008). The strike angle is varied from 2808 to 3208, dip angle from 18 to 308 whereas

3
Figure 4. (a) Displacement time histories for slip ﬁeld shown in ﬁgure 2 (Red line – without
topography, Blue– with topography). (b) Displacement time histories for slip ﬁeld shown in
ﬁgure 2 (Red line – without topography, Blue – with topography).
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Figure 5. (a) Ampliﬁcation factor due to topography (Horizontal component). (b)
Ampliﬁcation factor due to topography (Vertical component).
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Figure 6. (a) Permanent Ground Residual Displacement (m). Comp: EW. (b) Permanent
Ground Residual Displacement (m). Comp: NS. (c) Permanent Ground Residual Displacement (m). Comp: Vertical.
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Figure 6.
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(Continued).

the rake angle of the rupture plane lies in between 458 to 1358, respectively. The
depth to the top edge of the rupture plane is varied from 5 km to 20 km. The other
important source parameter is the rupture velocity which can vary from 2 km/s to 3
km/s. These ﬁve fault parameters are simulated as uniform random variables. The
location of the rupture plane for this great event is taken from Singh et al (2002).
This is shown in ﬁgure 1. The next step is to determine the rupture dimensions and
spatial distribution of slip on the fault plane. The dimensions of the rupture plane
can be ﬁxed from the magnitude of the earthquake based on empirical source
scaling relations. Mai and Beroza (2002) modelled slip distributions of several past
earthquakes and derived the scaling laws to estimate length and width of the
rupture plane from magnitude. They also concluded that the slip distribution on the
rupture plane can be simulated as an anisotropic von Karman random ﬁeld with an
average Hurst exponent of 0.75. The correlation lengths along the two dimensions
of the fault plane in the von Karman distribution increases with increase in the
magnitude of the earthquake. The spatial variability of slip on the rupture plane is
simulated as a random ﬁeld with correlation lengths depending on the magnitude of
the earthquake. The correlation lengths are calculated following the scaling
relations of Mai and Beroza (2002). The simulated slip ﬁeld is resolved into diﬀerent
moment tensor components using equation (3). The location of maximum slip on
the rupture plane is taken as the hypocentre. The triggering time for each sub-fault
is computed as the ratio of the distance of each sub-fault from the hypocentre to the

214

S.T.G. Raghukanth et al.

Figure 7. (a) Mean PGD (Horizontal component). (b) Standard deviation of PGD
(Horizontal component).
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Figure 8. (a) Mean peak ground displacement (Vertical component). (b) Standard deviation
of PGD (Vertical component).
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Figure 9. (a) Histogram of peak ground displacement at Delhi. (b) Histogram of peak
ground displacement at Kosani. (c) Histogram of peak ground displacement at Tehri. (d)
Histogram of peak ground displacement at Haridwar. (e) Histogram of peak ground
displacement at Chamoli. (f) Histogram of peak ground displacement at Uttarkashi.
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Figure 9.

(Continued).

217

218

S.T.G. Raghukanth et al.

rupture velocity. The rise time for each sub-fault is estimated from the slip as
(Somerville et al. 1999).
Tr ¼ 2:03  109 ðmADÞ1=3

ð10Þ

The length and width of the rupture plane for this hypothetical event (Mw 8.5) are
obtained from the source scaling relations of Mai and Beroza (2002) as 302 km and
112 km, respectively. The correlation lengths for Mw 8.5 event in strike and dip
direction are taken as 60.7 km and 16.5 km, respectively. Once the correlation lengths
are known, slip on the rupture plane is simulated as a random ﬁeld by the spectral
representation method of Shinozuka and Deodatis (1996). The simulated slip ﬁeld is
tapered at the edges to account for zero slip at the edges of the fault plane. The
simulations are done by considering the uncertainties in the fault parameters and the
slip distribution. Since the slip distribution on the rupture plane, strike, dip, rake,
rupture velocity and depth to the top of the fault are modelled as random ﬁeld and
random variables, one can generate an ensemble of time histories at the surface by
numerical simulation. Fifty samples of these six source parameters are generated and
these are combined using the Latin Hypercube sampling technique (Iman and
Conover 1980) to establish 50 sets of random seismic parameters. One sample slip ﬁeld
on the rupture plane is shown in ﬁgure 3 along with some important towns in the near
source region. It can be observed that the maximum slip is about 11 m for this sample.
5.

Ground motion simulation

To understand the spatial variability of the ground motion, the displacement time
histories are simulated at all the grid points in the mesh covering an area of 1000
Table 1.
Station
Almora
Badrinath
Barkot
Bhatwari
Chamoli
Delhi
Garhwal
Ghansali
Haridwar
Karnprayag
Kosani
Koteswar
Koti
Purola
Rudrarayag
Tehri
Uttarkashi
Bageswar
Champawat
Nainital
Pithoragarh
Dehradun
Udhamsinghnagar

Mean and standard deviation of PGD at important towns.
Latitude

Longitude

E–W

N–S

Vertical

29.61
30.80
30.80
30.80
30.40
28.38
30.20
30.42
30.00
30.25
29.68
30.23
30.60
30.87
30.27
30.36
30.76
29.60
29.30
29.40
29.60
30.30
29.00

79.66
79.50
78.21
78.20
79.34
77.12
79.50
78.65
78.20
79.23
79.72
78.57
77.78
78.07
78.98
78.50
78.45
79.80
80.10
79.50
80.20
79.10
79.60

1.00 + 0.38
2.30 + 1.00
1.40 + 0.69
1.40 + 0.68
2.80 + 1.30
0.27 + 0.12
3.00 + 1.60
2.30 + 1.10
0.92 + 0.64
3.00 + 1.50
1.20 + 0.54
2.30 + 1.10
0.91 + 0.52
1.20 + 0.61
2.80 + 1.40
2.40 + 1.10
1.70 + 0.75
2.80 + 1.70
2.30 + 1.40
2.60 + 1.70
2.70 + 1.70
0.92 + 0.60
1.40 + 0.74

2.30 + 0.98
1.60 + 0.76
0.90 + 0.34
0.88 + 0.33
1.90 + 1.20
0.32 + 0.15
2.20 + 1.40
1.80 + 1.00
0.71 + 0.30
2.20 + 1.40
2.70 + .30
1.80 + 0.91
0.50 + 0.26
0.76 + 0.29
2.20 + 1.30
1.60 + 0.69
1.40 + 0.52
1.90 + 1.60
1.50 + 1.00
1.60 + 1.10
1.90 + 1.40
1.10 + 0.80
1.20 + 1.00

1.10 + 0.73
2.20 + 0.86
1.20 + 0.67
1.10 + 0.66
2.90 + 0.98
0.32 + 0.26
2.90 + 1.00
2.70 + 1.00
1.10 + 0.84
2.90 + 1.20
1.30 + 0.84
2.70 + 1.10
0.91 + 0.70
0.97 + 0.63
2.80 + 1.10
2.50 + 1.10
1.70 + 0.79
2.60 + 1.40
2.30 + 1.30
2.30 + 1.40
2.70 + 1.30
1.10 + 0.65
1.30 + 0.95
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km 6 1000 km around the epicentre. It is well known that topography of a region
inﬂuences the surface level ground motion. To understand the eﬀect of topography,
the displacement time histories are simulated with and without Himalayan terrain
for one set of rupture parameters shown in ﬁgure 3. The 302 km 6 112 km rupture
plane is divided into 33,824 sub-faults of size 1 km 6 1 km and slip on each cell is
simulated as a von Karman random ﬁeld. The three components of surface
displacement time histories, for each sub-fault are obtained by solving equation (9).

Figure 10. (a) Critical slip model for Delhi city. Slip is in centimetres. (b) Displacement time
histories at Delhi corresponding to the slip model shown in ﬁgure 10(a).
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The ground motion due to the complete fault rupture is obtained by summing-up the
contribution of all the sub-faults. To understand the eﬀect of surface topography,
simulations are carried out by assuming the surface as a ﬂat terrain for one set of
source parameters. The simulated displacement time histories for important towns

Figure 11. (a) Critical slip model for Tehri. Slip is in centimetres. (b) Displacement time
histories at Tehri corresponding to the slip model shown in ﬁgure 11(a).
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and cities located in the Himalaya and the Indo-Gangetic plain are shown in ﬁgure 4
for the slip ﬁeld reported in ﬁgure 3. The displacements obtained without considering
the Himalayan topography are also shown in the same ﬁgure. In the E–W direction,
the highest PGD of 4.2 m is observed at the Almora station when topography is
considered and 3.8 m when topography is not considered. It can be observed that
PGD gets ampliﬁed by 1.1 times in E–W direction at Almora station due to

Figure 12. (a) Critical slip model for Uttarkashi. Slip is in centimetres. (b) Displacement time
histories at Uttarkashi corresponding to the slip model shown in ﬁgure 12(a).
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topography. It can be observed that the PGD is ampliﬁed at due to the presence of
topography at stations located in Himalayan region. In a similar fashion,
displacement ﬁeld is simulated at all the surface nodes covering an area of about
1000 km 6 1000 km in the near source region. The topography ampliﬁcation factor
deﬁned as the ratio of PGD obtained by including the surface topography to that
obtained by assuming the surface as a ﬂat terrain is determined. The contours of the
ampliﬁcation for peak horizontal displacement and vertical component are shown in
the ﬁgure 5 (a) and (b). It can be observed that at places where topography is present,
i.e. for stations in the Himalayan region there is an ampliﬁcation of the PGD. The
highest ampliﬁcation is around 2.1 in the horizontal direction and 1.4 in the vertical
direction. For the stations located in the Indo-Gangetic plain, the ampliﬁcation is 1
which means eﬀect of topography is negligible. The simulated PGRD contours are
shown in ﬁgure 6 corresponding to the slip ﬁeld of ﬁgure 3. The maximum PGRD is
about 2.5 m very near to the epicentre. The contours are not axisymmetric and also
the residual displacements are high near to the fault and they reduce with the distance.
This can be attributed to the near ﬁeld eﬀects like ﬂing and directivity. To understand
the eﬀect of uncertainty in rupture parameters, the ground motion is computed for all
the 50 sets of random rupture parameters. A statistical analysis is done on the
simulated displacement time histories and the mean and standard deviation of PGDs
are estimated at various important towns and cities in the near source region. The
mean PGD contours along with the standard deviation for both horizontal and
vertical components are shown in ﬁgure 7 (a) and (b) and ﬁgure 8 (a) and (b). The
mean horizontal PGD is as high as 4 m for places very near to the epicentre. The
maximum mean PGD is of the order of 3 m in vertical direction. The mean and
the uncertainty in PGD decrease with increase in epicentral distance. Probability
distribution of the PGDs at important cities is computed from all the 50 samples. The
probability distribution function of PGD for six important stations is shown in
ﬁgure 9. The PGD at Delhi is obtained as 27 + 12 cm, 32 + 15 cm and 32 + 26 cm
in the E–W, N–S and vertical directions, respectively. For important towns and cities
in the epicentral region, the mean and standard deviation of PGD are reported in
table 1. In E–W direction, mean PGD at Garwhal and Karnprayag is as high as 3 m
whereas in N–S, mean PGD is higher at Kosani compared to other stations. The
vertical component at Chamoli and Karnprayag is of the order of 2.9 m.
Recently, Strasser and Boomer (2009) have argued that the ground motion data
recorded till date (1933–2009) may not be suﬃciently representative of the actual
problem. They also mention that, it is unrealistic to expect that the ground motion
recorded at any given station corresponds to the worst scenario of shaking. So
while the worst recorded data may be used to calibrate theoretical models, it
cannot be used as an upper bound on the largest physically realistic ground motion
data. In such situations, concept of critical excitation proposed by Drenick (1970)
can be used to identify the worst ground motion. Given magnitude and epicentral
distance, the required rupture parameters can be obtained such that surface
displacement at a given site is maximized. Since the ground motions have been
obtained for 50 samples of rupture parameters, it will be of interest to know the set
of rupture parameters which leads to the maximum displacement response at each
station. In ﬁgure 10 (a), the slip model which generates the maximum resultant
horizontal displacement at Delhi city is shown. The corresponding displacement
time histories are shown in ﬁgure 10 (b). The critical slip model for Tehri and
Uttarkashi and the corresponding displacement time histories are shown in
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ﬁgure 11 (a) and (b) and ﬁgure 12 (a) and (b). The critical slip model which leads to
maximum displacement response at Delhi, Uttarkashi and Tehri is diﬀerent which
indicates that they depend on the location of each station. It can be observed that
regions of maximum slip release are positioned on sub-faults which are located
close to the station.
6.

Summary and conclusions

In this article, ground motion for a hypothetical great earthquake in Garhwal
Himalaya is estimated through analytical approaches. Spectral ﬁnite element method
has been used to simulate displacement time histories. Theoretically, acceleration
time histories can also be simulated by SPECFEM, but lack of material properties at
a ﬁner scale put limits in estimating amplitudes at high frequencies. Although the
approximate location of seismic gap is known, the rupture parameters such as
rupture velocity, depth to the top of the fault, strike, dip and rake of the fault plane
will not be available for this hypothetical event. These ﬁve parameters are treated as
uniform random variables. The slip distribution on the rupture plane is simulated as
a von Karman random ﬁeld. The rupture dimensions and correlation lengths of the
von Karman random ﬁeld are estimated from magnitude using the source scaling
relations of Mai and Beroza (2002). Fifty sets of rupture parameters have been
generated by the Latin hypercube sampling technique. To simulate the ground
motion, one chunk of the globe covering India and neighbouring region is modelled
in SPECFEM. The spacing between the nodes on the surface is about 2.61 km. To
understand the spatial variability of ground motion, displacement time histories are
simulated in a region of 1000 km 6 1000 km around the epicentre. Fifty sample
realizations of displacements are estimated corresponding to ﬁfty sets of rupture
parameters. A typical simulation for one set of rupture parameters requires about 19
h using all 256 processors on an HP Proliant DL160 G5 servers operating at 3 GHz
speed. The displacement time histories and PGRD are reported in ﬁgures 4 and 6 for
one sample realization of rupture parameters. The ampliﬁcation caused by surface
topography has also been presented in ﬁgure 5 for one sample of slip ﬁeld. It is
observed that ampliﬁcation of PGD due to topography in Himalayan region is as
high as 2.4 in the horizontal component. The histograms of PGD at various
important towns and cities in the epicentral region are estimated from the simulated
time histories. The contours of mean PGD along with the standard deviation are
reported in ﬁgures 7 and 8. The mean PGD is as high as 4 m in horizontal direction
where as the vertical component is of the order of 3 m in the near source region. The
contours are not axisymmetric which can be attributed to the ﬁnite slip model and
the surface topography. The obtained results will be of use to engineers in
displacement-based design of structures in the Himalayan region. The PGD and
PGRD contours can be used to design pipelines, tunnels, railway lines, power
transmission lines, dams and long span bridges in the epicentral region. These
structures run across faults and have to be designed and detailed to comply with the
imposed PGRD. The simulated time histories are valid at rock level. In IndoGangetic plain, these time histories have to be further corrected for local site
conditions using site response analysis. Preliminary results on critical slip models for
Delhi and Tehri have been presented in ﬁgures 9 and 10. Among the 50 sets of rupture
parameters, the slip ﬁeld which leads to maximum displacement response for these
two stations have been identiﬁed. The obtained rupture models indicate that the
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asperities positioned on the sub-faults located closest to the stations generate
maximum surface displacement. One can generate a site speciﬁc critical rupture model
for a given magnitude and epicentral distance by maximizing the surface response.
Instead of modelling the slip and obtaining the surface displacement, the earthquake
rupture model can be obtained directly by solving the inverse problem such that the
response is maximized. This concept has to be explored in detail and will be reported
in a future publication.
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