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Success of earthquake resistant design practices critically depends on how accurately the future
ground motion can be determined at a desired site. But very limited recorded data are available
about ground motion in India for engineers to rely upon. To identify the needs of engineers, under
such circumstances, in estimating ground motion time histories, this article presents a detailed
review of literature on modeling and synthesis of strong ground motion data. In particular, modeling
of seismic sources and earth medium, analytical and empirical Green’s functions approaches for
ground motion simulation, stochastic models for strong motion and ground motion relations are
covered. These models can be used to generate realistic near-ﬁeld and far-ﬁeld ground motion in
regions lacking strong motion data. Numerical examples are shown for illustration by taking Kutch
earthquake-2001 as a case study.

1. Introduction
Ground motion estimation due to future earthquakes is one of the most challenging problems in
earthquake engineering. Since this is the key input
in earthquake resistant design, modeling of available strong motion data is a natural starting point.
There have been many developments in modeling
techniques, and research in this area is continuously evolving as new strong motion data are accumulated. Every earthquake which produces good
strong motion records, gives new insight into the
physical phenomena of ground shaking that can
damage life and property in a city or region. However, due to scarcity of strong motion records in
many parts of the world, empirical random process
models based on single isolated time histories from
diﬀerent events are popular in simulating ground
motion. Empirical relationships which relate strong
motion parameters such as peak ground acceleration (PGA), peak ground velocity (PGV) and spectral acceleration (Sa) with magnitude and distance
are also used in estimating ground motion. Due to
simple parameterization of a complex process, such
empirical models have large variability, which can

be accounted only statistically. The factors causing
this variability are mainly related to ﬁner details
of the seismic source, propagating medium and
local site eﬀects. SSHAC (1997) classiﬁes seismic
uncertainty into two types, namely aleatory and
epistemic. Aleatory variability represents inherent
uncertainties in the earthquake process, whereas
epistemic uncertainty is due to our limited knowledge about the natural phenomenon, which in turn
may be due to lack of data. During the past ﬁve
decades, as large sets of strong motion recordings
became available, eﬀorts have been made in reducing the above uncertainties by proposing sophisticated mechanistic models for earthquake ground
motion and by attributing the remaining uncertainties to the randomness in earthquake source
and/or medium. Several models have been proposed for the seismic source, with the intention
to relate it as much as possible with observations. Point source models are the most natural
ﬁrst approximations. These are routinely used to
ﬁnd the focal mechanism solutions from teleseismic records. Next in level of complexity is the line
source, which has also been invoked sometimes in
the literature. However, planar representation is
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the minimum needed to account for the spatial
and temporal variability of seismic forces acting
on the fault plane. Surface ground motion in the
near source is the most sought after information, in
earthquake engineering. Hence, it is such records,
that one should use in determining the characteristics of forces at the source zone. In fact, with
the help of these records, various source mechanism models have been developed in the past.
Although, these models have a few limitations,
they are site-speciﬁc and hence superior to empirical models of strong motion. On the other hand,
the problem of prediction of ground motion due
to a future earthquake is diﬀerent from modeling
strong motion. In many active regions the correct
location of the faults and their rupture pattern are
unknown. Information is generally limited to size
of the earthquake and its approximate origin only.
Estimation of seismic hazard may have to proceed
with very limited information. In such cases empirical models come in handy. This is why empirical
relationships based on strong motion data are pursued along with source mechanism models in forecasting future hazards at a region. The main focus
of the current research in earthquake engineering
and seismology is to develop new approaches for
simulating strong ground motion in regions where
past records are sparse, if not totally absent. Peninsular India (PI) is an example of a region that
has experienced severe earthquakes in the past, but
with very limited instrumental data. To identify
the needs of engineers, under such circumstances,
in estimating ground motion time histories, a brief
review of literature is presented, in what follows.
Both empirical and seismological models for simulating strong ground motion are covered. These
models are illustrated by taking the Kutch earthquake of 26 January 2001 as a case study.
2. Seismic source model
Earthquakes are caused due to sudden release of
strain energy inside the earth’s crust (Bullen and
Bolt 1985). The fundamental frame work for seismic source modeling is based on the elastic rebound
theory proposed by Reid (1911). On the basis of
this theory, it is now widely accepted that earthquakes are caused due to shear dislocation of geological faults. It is diﬃcult to analyze precisely the
physical process of a shear dislocation, which is
inelastic and inhomogeneous in nature. Predicting
surface ground motion time history, which is of
engineering interest by directly modeling such complex phenomenon has not yet been possible. To circumvent this problem, an equivalent force system
has been introduced as a model by seismologists
(Vvedenskaya 1956; Maruyama 1963; Burridge and

Knopoﬀ 1964). Here the shear dislocation acting
within the source region is replaced by equivalent
force acting in an elastic medium. Representing
the earthquake source in terms of equivalent body
forces has several advantages. It makes the problem simpler by avoiding complex boundary conditions at the fault and given the equivalent force
system, computing the surface ground motion is a
linear problem. For a point shear dislocation in
an isotropic elastic medium, this force system is
a double couple. At stations whose epicentral distances are much larger than the spatial dimensions
of source, the fault appears as a point dislocation.
The double couple representation of the point dislocation in terms of the seismic moment is
M0 = μAD,

(1)

where μ is the rigidity modulus, A is fault area
and D is average slip. Although, the point double
couple model is simple and valid at large epicentral
distances, it is not physically appealing because,
all the radiated energy is mapped onto one point.
Also the results of such a model are not valid for
near-ﬁeld ground motion. To overcome this limitation, extended source models have been proposed
for synthesizing ground motion records in the nearﬁeld region. The natural extension of the above
model is to take the slip to be spatially and temporally varying. The form of slip time history is
chosen intuitively without going into details of the
time-dependent stresses acting on the fault plane.
This type of kinematic model was introduced by
Haskell (1964, 1969). In this model a uniform slip,
D spreads at constant rupture velocity (Vr ) on
a rectangular plane of length L and width W
(ﬁgure 1). At each point on the fault plane, slip is
initiated when the rupture reaches the point. The
time that it takes for slip at a point to reach the
ﬁnal value D is called the rise time (tr ). The evolution of slip with time at each point is assumed as a
ramp function. There are a total of ﬁve source parameters (L, W , D, tr , Vr ) in terms of which the seismic moment of this model is deﬁned. Even though
Haskell’s model is simple and attractive, assumption of uniform dislocation and unidirectional rupture propagation over the rectangular fault may
not correspond with reality.
Another popular extended source model is due
to Brune (1970). This model consists of suddenly
applied shear stress pulse on a circular fault plane.
The slip time history is related directly to the
stresses acting on the fault plane. Although this
model does not simulate rupture propagation, it
performs quite well with most observational data.
At low frequencies, the root mean square (RMS)
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Figure 2.

Figure 1.

Haskell’s source model.

average far-ﬁeld displacement spectrum obtained
from the model reduces to a constant amplitude and beyond the so-called corner frequency,
ωc , the high-frequency spectrum decays as ω −2 .
This model is among the most widely used source
model in terms of retrieving fault parameters
such as seismic moment, corner frequency and
stress drop.
Although, analytical expressions for ground
motion can be obtained in closed form from the
above two extended source models, they are limited to idealized source orientation and geometry.
Some of the limitations can be easily overcome,
by the concept of seismic moment tensor introduced by Gilbert (1970) who related it to the
total static stress drop in earthquakes. Backus and
Mulcahy (1976) showed that the moment tensor
concept can be used to describe equivalent forces or
stresses at the source. The advantage of this type
of representation is that it is general and therefore
able to describe a variety of seismic source models,
the double couple source being just one of them.
The diagonal components correspond to linear
dipoles and the oﬀ-diagonal terms correspond to
force couples. The moment tensor is symmetric and
it depends on source strength and fault orientation and characterizes all the information about the
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Deﬁnition of shear fault and its orientation.

earthquake source. The components of moment
tensor for a shear fault (ﬁgure 2) described by strike
Á, rake, and dip ﬃ and moment M0 are (Aki and
Richards 1980):
mxx = −M0 [sin(δ) cos(λ) sin(2φ)
+ sin(2δ) sin(λ) sin2 (φ)]
mxy = M0 [sin(δ) cos(λ) cos(2φ)
+ 0.5 sin(2δ) sin(λ) sin(2φ)]
mxz = −M0 [cos(δ) cos(λ) cos(φ)
+ cos(2δ) sin(λ) sin(φ)]
myy = M0 [sin(δ) cos(λ) sin(2φ)
− sin(2δ) sin(λ) cos2 (φ)]
myz = −M0 [cos(δ) cos(λ) sin(φ)
− cos(2δ) sin(λ) cos(φ)]
mzz = M0 [sin(2δ) sin(λ)].

(2)

Further complex extended source models can be
represented as spatial distribution of point double
couples in the source region.
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Since the non-uniformity of slip acting on the
rupture plane aﬀects the high-frequency content of
ground motion, the original Haskell’s model has
been modiﬁed to allow the slip function to vary
from place to place on the fault plane (Trifunac
1974). Kinematic models that allow bilateral rupture propagation on the fault plane have also
been investigated. (Hartzell et al 1978). Due to
their simplicity, kinematic models are often used
to represent seismic sources in ground motion
simulation.
2.1 Ground motion and source parameters
Ground motion records can be classiﬁed as: nearsource, regional and teleseismic, depending on
their respective distance from the seismic source.
Ground motion recorded at distances within a
few fault size dimensions are called as near-source
records. Teleseismic records are the ones which
are recorded at large distances say 1000 km or
more. Records at intermediate distances may be
called regional records. In general, as long as the
dimensions of source region are much smaller
than the hypocentral distance, the fault can be
treated as a point. Earthquake source can be represented as a centroid to retrieve the basic parameters such as location, depth and focal mechanism
for teleseismic data. Teleseismic records have long
been used to constrain the source but this does not
provide much better than a point-source. Regional
distance seismograms are complicated by interactions with the medium properties. Near-source
ground motion records contain better signatures of
spatial and temporal distribution of slip since these
are highly inﬂuenced by the seismic source eﬀects
such as directivity, near-source pulse motions and
static oﬀsets.
Aki (1968) and Haskell (1969) were the earliest to model the near-ﬁeld displacement record
of the Parkﬁeld earthquake of 1966 by assuming
a uniform slip over the fault plane. They concluded that the gross properties of the source can
be determined by modeling the low frequency wave
forms. With the availability of multiple near source
strong motion records, the original source model of
Haskell (1964) has been further modiﬁed to include
heterogeneity in slip distribution, rupture velocity
and rise time of the ramp function by dividing the
fault surface into several subfaults.
The ﬁrst modiﬁcation to uniform slip model was
to allow non-uniform slip. With the help of several
near source strong motion records Trifunac (1974)
obtained spatial distribution of slip for the San
Fernando earthquake of 1971 by linear inversion
of the ground motion records. The rupture velocity and rise time were ﬁxed in the inversion. This
was the ﬁrst attempt in obtaining ﬁnite slip model

and perhaps due to this the non-uniqueness accompanying the inversion process was not discussed.
The Imperial Valley earthquake of 1979 marked
the beginning of systematic source inversion from
near-source ground motion records (Olson and
Apsel 1982; Hartzell and Heaton 1983). A planar
fault was assumed whose orientation, location and
dimensions were known from teleseismic records
and aftershock distribution. It was divided into several subfaults and the slip on each subfault was
represented as a point double couple (equation 1)
with unknown amplitude. It was assumed that rupture initiates at the hypocenter and moves until
it reaches the boundaries of the fault plane. The
rupture velocity and rise time were speciﬁed in the
inversion. Due to complexities in modeling the high
frequency ranges, ground motion in the frequency
range of 0–2 Hz was used in the analysis. Since the
ground motion at the surface is a linear combination of the contribution from all the subfaults,
linear least-squares inversion technique was used
to estimate the slip acting on the subfaults. The
main problem with this type of inversion is its nonuniqueness. Depending on the size of the subfault,
rupture velocity and the constraints chosen, different solutions can be obtained. Although, Olson
and Apsel (1982) and Hartzell and Heaton (1983)
used very similar approaches, the obtained slip distributions for the Imperial Valley earthquake were
quite diﬀerent. There was agreement in the gross
values of the slip only. It has been found that, incorrect assumptions about the rupture velocity and
fault geometry may lead to erroneous results. To
circumvent some of these diﬃculties, several alternative algorithms to the traditional linear matrix
inversion, based on iterative procedures and a grid
search in parameter space have been proposed. The
advantage of these approaches is that they can
accommodate as many free parameters as necessary, and thus avoid the need to assume the values
of poorly known parameters such as rupture velocity and rise time at each subfault level.
Takeo (1987) determined spatial distribution of
slip and rupture times of the subfaults for the
Naganoken-Seibu earthquake of 1984 from strong
motion records. Since synthetic ground motion is
a nonlinear function of starting times, nonlinear
inversion techniques such as modiﬁed Marquardt
algorithm was used for ﬁnding the unknowns.
Cotton and Campillio (1995) proposed a new frequency domain inversion technique for determining
spatial distribution of slip, rupture time and rise
time on the fault plane. They used the nonlinear inversion algorithm of Tarantola and Valette
(1982). The basic methodology behind this algorithm is that, initial source parameters are assumed
to ﬁnd a new solution by linearization of objective function around the previous values. The
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process is repeated until the source parameters
converge. It is known that this kind of local search
method strongly depends on the initial values and
hence may converge to a local minima. On the
other hand, Hartzell and Liu (1995) developed a
hybrid global search method which is a combination of simulated annealing and simplex algorithm for determining the source parameters. This
algorithm searches widely in the parameter space
before converging to the global minima. The algorithm is simple and does not require evaluation
of partial derivatives of objective function with
respect to source parameters. In the above studies, the geometry of the fault has been assumed
as planar for determining the slip from strong
motion records. It is well known that oversimpliﬁcation of the fault geometry may lead to inaccurate estimates of slip distribution. For this purpose,
three-dimensional fault geometry has also been
investigated by taking the source to be a region
rather than a surface (Cho and Nakanishi 2000).
The region is discretized into small rectangular
blocks and a rectangular subfault is placed in
each sub-block for purpose of inversion. Iyengar
and Agarwal (2001) presented a simple engineering model for determining the source zone of earthquakes. The seismic source was assumed to be
made up of impulsive forces arriving sequentially in
time. Modeling the near-source region as 2D elastic layered medium, they determined the rupture
zone of several past earthquakes. Although, this
methodology provided new information about the
geometry of the fault plane, the assumption of
impulsive forces for modeling the seismic source
and 2D model of the medium were unrealistic.
Recently Raghu Kanth and Iyengar (2008) proposed a new inversion procedure where the earthquake source is considered as a volume where a
large number of elementary double couples trigger
sequentially in time. These elementary sources are
distributed in space and have arbitrary mechanism
duration and moment. The location, orientation
and amplitude of the double couples are found from
SMA records. In this approach, the only parameter to be ﬁxed before inversion is the number of
double couples in the inversion. The methodology
is attractive and has provided new information on
rupture geometry. However, the required computation is large and hence its applicability at present
is limited to low frequency ground motion. Even
though, there are several parametric uncertainties
such as fault geometry and subfault size involved
in the ﬁnite fault source inversion, still it is most
widely used for obtaining the slip distribution for
well-recorded earthquakes (Chi et al 2001; Ma et al
2001). In ﬁgure 3, the ﬁnite fault slip model for the
Kutch earthquake-2001 obtained from teleseismic
data is shown (Antolik and Dreger 2003). It can
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Figure 3. Kutch earthquake source model (Antolik and
Dreger 2003).

be observed that there is a large region of slip at
the center of the fault near the hypocenter. Since
this model has been obtained from teleseismic data,
short-scale variability of slip which causes high frequency ground motion has been smoothened out.
Apart from realistic source inversions, sensitivity
analyses using synthetic source models for determining the accuracy of inversion have also been
investigated (Das and Suhaldoc 1996; Graves and
Wald 2001). The essence of these analyses has
been to investigate the eﬀect of incomplete knowledge of some model parameters in retrieving the
true source. In particular the eﬀect of incorrect
assumptions of rupture velocity, number of subfaults, fault geometry and crustal structure are
investigated. The analysis reveals that small scale
details of source parameters are highly sensitive to
these assumptions and only gross features can be
obtained through seismic source inversion. Since
ground motion simulation for future earthquakes
is of interest, the derived ﬁnite fault source models
of past earthquakes are used to calibrate the slip
distribution for future earthquakes. These source
models known as statistical kinematic models have
been developed to generate slip distribution as a
random ﬁeld (Mai and Beroza 2001) on the rupture
plane of future earthquakes.

3. Modeling the earth medium
Modeling of the medium is as important as that
of the source in ground motion simulation. The
modeling of Earth’s medium is characterized by
its Green’s function. Green’s function is deﬁned as
the response of the medium to a unit impulsive
force (double couple) in space and time. Green’s
function acts as a propagator of the eﬀects of seismic force acting on the fault plane to determine
elastic displacements at any point in the medium.
The determination of Green’s function for the real
medium is a diﬃcult task. Complications arise
due to the presence of basins, hills, and valleys.
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Velocity of the Earth varies randomly on all scales
and local site eﬀects induce nonlinearity. Although,
some of these properties can be modeled depending
on the knowledge of material properties, computer
capabilities usually pose a problem in calculating
Green’s function accurately.
Earth was idealized as an unbounded homogeneous medium (Aki 1968) for deriving Green’s
function. Surface waves which result from the interaction of the source wave ﬁeld with the free surface
do not exist in an unbounded medium and hence
is not realistic. Eﬀorts have been made to incorporate free-surface eﬀect in calculating Green’s
function by Bouchon and Aki (1977). Later on,
this has been further improved for introducing
heterogeneity in Earth by using layered media
with diﬀerent elastic constants. For simplicity it is
assumed that the layers are horizontal and material properties change only with depth (Luco and
Apsel 1983; Chouet 1987; Theoharis and Deodatis
1994; Raghu Kanth 2008). The governing equations
for a layered medium subjected to a unit impulsive double couple applied at location (xs , ys , zs )
are

ρ(z)

∂2U
= (λ(z)
∂t2



∂V
∂W
∂ ∂U
+
+
+ μ(z))
∂x ∂x
∂y
∂z

+ μ(z) 2 U + ρ(z)px ,

ρ(z)

∂2V
= (λ(z)
∂t2



∂V
∂W
∂ ∂U
+
+
+ μ(z))
∂x ∂x
∂y
∂z

+ μ(z) 2 V + ρ(z)py ,

ρ(z)

∂2W
= (λ(z)
∂t2



∂V
∂W
∂ ∂U
+
+
+ μ(z))
∂x ∂x
∂y
∂z

+ μ(z) 2 W + ρ(z)pz ,

(3)

where U , V and W are the displacements in x, y
and z directions, ρ(z) is the material density and
λ(z) and μ(z) are Lame’s constants of the medium.
For a unit impulsive double couple characterized

in terms of moment tensor activated at zero time,
the body forces are:

px =



mxj δ(t)

∂[δ(x − xs )δ(y − ys )δ(z − zs )]
,
∂j

myj δ(t)

∂[δ(x − xs )δ(y − ys )δ(z − zs )]
,
∂j

mzj δ(t)

∂[δ(x − xs )δ(y − ys )δ(z − zs )]
,
∂j

j=x,y,z

py =


j=x,y,z

pz =


j=x,y,z

(4)
where δ denotes the Dirac delta function and
mxx , mxy , . . . , mzz are the components of seismic
moment tensor and are related to the orientation of
the planar dislocation as expressed in equation (2).
The boundary conditions in a layered half-space
are given by the vanishing of stresses at the free
surface which is the continuity of stresses and displacements at layer interface and the radiation condition as z → ∞. Several procedures have been
proposed for solving the above governing equations of motion (Chin et al 1984). The most popular method is the method of integral transforms.
The equations of motion can be solved in either
Cartesian or cylindrical co-ordinate systems. Cylindrical co-ordinate system is preferable in computing ground motion due to a point seismic source
whereas Cartesian co-ordinate system is convenient
for simulating ground motion over a large region
due to an extended source. Fourier transforms in
Cartesian and Fourier–Hankel transform in cylindrical co-ordinate system are employed to solve the
equations of motion. In the transformed domain,
exploiting the cylindrical symmetry of the laterally
homogeneous earth medium, the shear wave displacement associated with a point source is decoupled into SV and SH motion (Bouchon 1979a). The
compressional and SV displacement potentials and
SH displacement are then propagated through different layers using appropriate propagator matrices for P-SV and SH radiation (Gilbert and Backus
1966). Due to the co-existence of exponentially
growing and decaying waves in the propagator
matrix, Dunkin’s (1965) methodology is used to
treat the P-SV problem which involves decomposition of the matrix into second order subdeterminants. Explicit expressions for surface ground
motion in a layered half-space due to an impulsive double couple by propagator based formalism are available in the article of Raghu Kanth
(2008). Alternately, Kennett (1974) and Kennett
and Kerry (1979) suggested scattering matrices
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that characterize wave reﬂection and transmission
properties in the layered media. Waves traveling in
opposite direction are separated and the computation is carried out in the direction of propagation.
The scattering matrix method is stable and eﬃcient and can also be used for solving wave propagation in horizontal layered media (Zhang et al
1991). The individual contributions from the P-SV
and SH motions are rotated and summed up for
reconstructing the ﬁnal free-surface displacement
vector. At each frequency, the resulting wave ﬁeld
is integrated over the horizontal wavenumber space
and the individual spectral components of the
ground response are then synthesized into a continuous spectrum, to be transformed into time
domain by inverse Fourier transform. Bouchon and
Aki (1977), Bouchon (1979a) developed a procedure which is now well known as the discrete
wavenumber (DWN) method for evaluating inﬁnite
integrals. Introducing spatial periodicity in seismic sources the integrals are replaced by summations and the ﬁnal solution is obtained by Fourier
transform in the complex frequency domain. DWN
method includes the contribution from all kinds of
traveling waves, i.e., body waves and surface waves
and is routinely used to compute complete seismic
ground motion in the near as well as far-ﬁeld.
Apart from horizontal layered media, there have
been a few studies regarding the eﬀect of lateral non-homogeneity and irregular boundaries on
ground motion. Zhang et al (1997) and Zhang and
Shinozuka (1996) investigated these eﬀects through
a ﬁrst order perturbation approach by decomposing the wave ﬁeld into mean and scattered wave
ﬁelds. The mean wave ﬁeld is the response ﬁeld in
a perfectly layered half-space obtained from standard procedures. The lateral non-homogeneities
are replaced by ﬁctitious discontinuity sources acting on the perfectly plane boundaries and the same
methodology is followed in obtaining the scattered
wave ﬁeld. In the case of irregular boundaries ﬁctitious distributed body forces are introduced into
the equations of motion. The presence of an irregular boundary and lateral non-homogeneity results
in coupling between P-SV and SH waves, leading
to generation of Coda waves. These studies are
informative, even though they are limited to low
frequency ground motion.
High-resolution images of the earth, i.e., the
velocity/density ﬁeld, and the three-dimensional
earth structure, have become available in recent
years. To take advantage of these detailed crustal
models, three-dimensional ﬁnite element wavepropagation codes are necessary (Komatitsch et al
2004). Such three-dimensional simulation codes
have the capacity to include complex earth structure and fault geometry into ground motion simulations. They can also incorporate small-scale
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structural heterogeneity and scattering eﬀects of
the seismic wave ﬁeld. The ﬂexibility of these
methods comes at the cost of computation time
and chip memory, and their applicability is
therefore at present limited to either small spatial
domains or low frequency ground motion.
4. Ground motion simulation
After determining the source model and Green’s
function, ground motion is computed from the representation theorem. The nth component of displacement ﬁeld at the ground surface due to a point
shear dislocation characterized by a moment tensor
Mpq is given by (Aki and Richards 1980).

Un (x, y, t) =

t

0

Mpq (τ )Gnp,q (x, y, z, t − τ )dτ, (5)

where Gnp;q (x; y; z; t) stands for Green’s function.
The seismic moment tensor is deﬁned as:
Mpq (t) = mpq f (t),

(6)

where f (t) is the time dependence of the point
source and mpq is the amplitude related to the
orientation of the fault plane as expressed in
equation (2). The simplest way to calculate the
ground motion from an extended source is usually
to represent the source by a superposition of point
sources. Although, analytical expressions can be
derived for simple cases such as for uniform slip
and constant rupture velocity, point source superposition is more versatile. The ground motion simulation procedure consists of dividing the fault
into a two-dimensional array of points distributed
over the rupture surface. The spacing between the
points depends on the highest frequency considered in the problem. As this frequency increases,
a large number of point sources are required. The
source time function is assumed to be a ramp
function. Ground motion time histories are calculated for all point sources by convolving individual
Green’s function computed by discrete wavenumber method with the source time function. The
synthetic time histories are summed up by applying time lags to account for the rupture propagation. As a demonstration of the analytical ground
motion models, successful numerical simulation of
observed strong motion records has been carried
out for some past earthquakes. Hartzell et al (1978)
successfully modeled the observed ground motion
of the Parkﬁeld-1966 earthquake using summation
of half-space Green’s functions. They also investigated the eﬀect of diﬀerent rupture velocities

690

S T G Raghu Kanth

Table 1. Velocity model for Kutch region (Mandal et al
2004).
Thickness
(km)

Vp
(km/s)

Vs
(km/s)

Density
(g/cm3 )

Qp

Qs

0.9
0.2
2.6
0.1
2.2
14.5
9.5
7.0
∞

2.19
4.86
3.12
4.79
5.65
6.31
6.98
6.83
8.21

1.29
2.81
1.85
2.81
3.41
3.64
3.85
4.05
4.69

2.0
2.4
2.6
2.9
2.9
2.9
2.9
3.0
3.0

50
100
100
100
2000
2000
2000
2000
2000

30
50
50
50
1000
1000
1000
1000
1000

and rise time on simulated displacements. Bouchon
(1979b) modeled the displacement records of the
Parkﬁeld-1966 earthquake as a Haskell-type dislocation model embedded in a layered medium
and concluded that top sedimentary layer strongly
ampliﬁed the ground motion. Iyengar and Raghu
Kanth (2006) simulated displacement time histories for the Kutch-2001 earthquake from the source
model obtained from teleseismic records. The slip
distribution shown in ﬁgure 3 is used in this study.
The medium is represented as a layered half-space
and the velocity model used is the one reported
by Mandal et al (2004). Details of the regional
model are presented in table 1. The fault plane
is divided into 8000 subfaults of size 0.5 × 0.5 km,
2
with material rigidity of μ = 4.5 × 1010 N/m . The
slip acting on each subfault is represented as a
point double-couple varying in time as a ramp
function with rise time of 0.13 seconds. The three
components of displacements (u, v, w) at a point
(x, y, 0) on the surface, for a double couple source
at (xs , ys , zs ) are obtained from representation theorem (equation 5). Figure 4 displays the ground
displacement time histories at Bachau and Manfera
sites, while ﬁgures 5 and 6 present the vertical ground displacement ﬁeld at a dense grid of
observer locations at selected time instants. The
spatial and temporal variability of ground motion,
as well as the permanent ground deformation, can
be observed by carefully studying these ﬁgures.
The simulated permanent displacements are also in
agreement with ﬁeld investigations.
Apart from ground motion simulation, analytical models are also used to obtain spatial variability of surface ground motion characterized in
terms of frequency–wavenumber (F–K) spectra.
Since the spatial variability observed in strong
motion data is due to spatial variability of seismic
forces acting in the source region, F–K spectra has
been obtained by analytical ground motion simulation approaches. Deodatis et al (1990) derived

closed-form expressions for F–K spectra for ground
motion in an elastic half-space produced by a
point double couple. Zhang et al (1991) also
derived expressions for F–K spectra for ground
motion produced by a seismic line source located
in a layered half-space. Representing the seismic
source by Haskell’s model, Deodatis and Theoharis
(1994) obtained analytical expressions for F–K
spectra. The simulated coherence function shows
that coherence drops with increasing separation
distance and this drop becomes faster with increasing frequency which is consistent with observations at seismic arrays. Although, these studies are
informative, their practical value is limited due to
the assumption of the source as a point, or as a
line. A more realistic source model is required to
obtain reliable F–K spectra.
Analytical studies are concerned primarily with
low frequency ground motion such as displacements or, at best, velocity records. Strong motion
accelerograph (SMA) records are too complicated
to simulate by a deterministic model which requires
many parameters to specify the details of the
small-scale heterogeneity of the fault plane and
the medium. These diﬃculties can be addressed to
some extent by empirical Green’s function models which follow the same analytical procedure, but
use less number of parameters.
4.1 Empirical Green’s function
High frequency accelerations resulting from complex faulting and medium irregularities are impossible to be modeled in a simple deterministic
manner. The complex layering and inhomogeneous make up of the near regional path overshadows many other eﬀects to lead to random
process like accelerograms. The isotropic horizontally layered earth model is an idealization of a
very complex medium with uncertain properties.
Nevertheless, within the scope of linear system
theory, Green’s function or impulse response
function holds the key to the ﬁnal solution. This
function is the surface level response of the region
under consideration to a buried impulsive double
couple applied at an arbitrary point. Thus, small
magnitude earthquakes with point-like sources
could provide a clue to the regional Green’s function. Empirical Green’s function (EGF) approach
suggested by Hartzell (1978) is one of the popular and widely used methods in simulating acceleration time histories. The concept of EGF is similar
to that of inﬂuence function in structural mechanics with which engineers are quite familiar. The
recording of a small magnitude earthquake at the
site of interest whose hypocenter is located near
the main fault is taken as an approximate Green’s
function for the region. EGF is realistic since it
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Simulated ground displacements at Bachau and Manfera.

reﬂects site properties, scattering and surface wave
path eﬀects. The required computational eﬀort is
also nominal. However, a limitation is that EGF’s
may not be available for the desired source and
station pairs and hence one ends up with the
same EGF for all the subfaults on a fault plane.
Dan et al (1990) examined the stability of EGF
procedure for arbitrariness of the choice of small
event records and also uncertainties in the simulation procedure. The coeﬃcient of variation of

the ratios of synthesized to observed peak values were found to be 40 to 80%. In order to
minimize this variation, they proposed a simple
procedure in which all the EGF’s were normalized with respect to their source dimensions and
were randomly chosen for each subfault in simulating the mainshock time history. Hutchings (1994)
demonstrated by taking San Fernando-1971 earthquake as a case study, that simple kinematic earthquake rupture models combined with EGF produce
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Figure 5.
t = 45 s.

Synthesized displacement ﬁeld (cm) in the vertical direction for the Kutch earthquake earthquake at time

Figure 6.
t = 100 s.

Synthesized displacement ﬁeld (cm) in the vertical direction for the Kutch earthquake earthquake at time

realistic acceleration time histories. In recent years,
two broad EGF approaches have come into vogue.
In the ﬁrst approach, the main shock fault plane
is divided into subfaults of equal size. The number of such sub-faults is determined from the
scaling law of Kanamori and Anderson (1975).
Each sub-fault is taken to produce the recorded

accelerogram of the aftershock or small magnitude
event, with a correction factor (Frankel 1995). Each
such accelerogram is delayed at the surface station
to account for rupture time and travel time from
the various sub-faults that make up the main fault.
In the second approach, the EGF is obtained by
deconvolution of the aftershock record by assuming
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the source spectral function of the aftershock as
Brune’s (1970) ω −2 model (Archuleta et al 2003).
The possible main shock fault plane is divided into
a large number of sub-faults and the contributory
ground motion of each sub-fault is obtained by
convolving the estimated EGF with a prescribed
source time function. Among these two approaches,
the former methodology of Frankel (1995) which
requires a single Green’s function is more appealing for engineers for simulating ground motion. In
this approach, the main event fault plane is divided
into sub-faults of area,

As =

Ms
Mm

2/3
Am .

(7)

Here Mm and Ms are the moment values of the
main event and aftershock, respectively. Am is the
area of the main shock fault plane taken to be
rectangular. Following Frankel (1995), the ground
acceleration at the site, during the main event can
be expressed as:

Ü (t) =

Np



Cs

s=1

V̈ (t) =

Np



Cs

s=1

Ẅ (t) =

Np



Cs

s=1

r
rs

r
rs

r
rs



∞

iω(t−ts −τs )

S(ω)ü(ω)e
dω,

−∞



∞

S(ω)
v̈(ω)eiω(t−ts −τs ) dω,

−∞



∞

iω(t−ts −τs )

S(ω)ẅ(ω)e
dω.

−∞

(8)



Here [ü(ω),
v̈(ω), ẅ(ω)]
are the Fourier transforms
of the three component recorded acceleration
(EGF) corresponding to subfault s. Cs is the ratio
of the stress drop in subfault s to that of the small
aftershock event. rs is the distance of the sth subfault to the surface station and r is the hypocentral
distance between the station and the source of the
aftershock. For each subfault, EGF is delayed by
the sum of the shear wave travel time from that
subfault to the receiver (τs ) and the time it takes
for rupture to propagate from the hypocenter to
the center of the subfault (ts ). The function S(ω)
is of the form (Frankel 1995)

S(ω) =

Mm
Np
i=1

Ci Ms

[1 + (ω/ωs )2 ]
,
[1 + (ω/ωm )2 ]

(9)
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where ωs is the corner frequency of the aftershock
records. The corner frequency of the main event
record is taken as:
ωs

ωm =
Mm /

Np
s=1

.

(10)

Cs Ms

An example of the synthesis of ground motion
at Bhuj city using EGF for the Kutch earthquake of 26 January 2001 is shown in ﬁgure 7.
The response spectra so obtained for Bhuj show
high frequency content consistent for hard rock.
The Bhuj observatory, where the aftershock SMA
were obtained, was on hard rock. One of the
disadvantages of EGF’s is that they are not reliable at frequencies less than 0.5 Hz. To circumvent this problem, analytical Green’s functions are
used to supplement the ground motion at low frequencies (Jarpe and Kasameyer 1996). Another
way to model high frequency ground motion is to
represent the medium as layered one-dimensional
earth and introduce empirical or stochastic elements in the seismic source. Somerville et al (1991)
divided the mainshock fault plane into several subfaults and small magnitude earthquake records
were taken as the source time function for these
subfaults. These empirical source time functions
were convolved with theoretical Green’s functions
to simulate acceleration time history at the site.
This procedure was applied to several earthquakes
and the simulated time histories were in reasonable
agreement with observed records. Zeng et al (1993)
proposed a composite source model where the main
shock fault plane is ﬁlled with circular subevents
and their size distribution follows a power law. The
subevents are allowed to overlap over one another
and are located randomly on the fault. Each
circular subevent follows Brune’s (1970) model.
A rupture velocity is assumed and the ground
motions from all the subevents are added up for
simulating the ﬁnal ground motion time history.
Khattri et al (1994) simulated ground motion for
the Uttarkashi-1991 earthquake from such a composite source model and demonstrated that synthetic acceleration time histories resemble actual
records.
It is generally observed that analytical methods
are reliable at low frequencies and empirical methods are reliable at high frequency ranges. An interesting study has been made by Hartzell et al (1999)
by combining these two methodologies in diﬀerent frequency ranges for simulating strong motion
accelerograms. The current trend in simulating
ground motions is through such hybrid methods
where source process and path eﬀects are modeled by a deterministic scheme at low frequencies
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Figure 7. Prediction of ground motion at Bhuj city for Mw 7.7 event. Empirical Green’s function: earthquake of 7 February
2001, Mw 3.3. The summation follows the method given by Frankel (1995).

and by a stochastic process in the high frequency
ranges.

5. Modeling of strong motion
Estimating future hazard of a region constitutes
an important problem in earthquake engineering.
Generally, there will be several seismic sources
near the site and since earthquake occurrence is
random, diﬃculties exist in selecting the design
ground motion. Engineers have recognized that
development of sophisticated ground motion simulation models alone will not solve problems of
structural design and safety. In addition to these
models one should know the areas where earthquakes occur and how often earthquakes of given
magnitude occur in their source regions. This
in turn will depend on historical seismicity and
its temporal and spatial variations. The problem
of estimating design motion has to be handled
through probabilistic seismic hazard analysis where
ground motion from all possible magnitude and
location combinations are considered in estimating
hazard (Cornell 1968). Source mechanism models
would be an obvious choice in specifying ground
motion in seismic hazard analysis, but uncertainties exist in choosing an appropriate description

that captures the variability of source parameters
as observed in past earthquakes. While there has
been considerable progress in obtaining detailed
crustal models and in developing fast and eﬃcient algorithms to compute the ground motion,
there is still ambiguity in understanding the source
process at high frequencies which is crucial in engineering problems. This poses a limitation in using
source mechanism models in ground motion prediction. The computational costs associated with
source mechanism models also prevent their use
in computing ground motion realizations of scenario earthquakes because the governing equations
of motions have to be solved for each sample
rupture separately. Moreover, in practice, geometrical details about faults and elastic medium
properties are not available. There may be sites for
which there is no information on past seismicity.
Due to these reasons, research in developing empirical models based on recorded strong motion data
is also pursued along with source mechanism models. Empirical models require very few input parameters such as magnitude and epicentral distance
which are generally known beforehand for a site.
However, these models have to be updated based
on the most recent strong motion data. The following sections review brieﬂy, such empirical models
for estimating ground motion.
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5.1 Stochastic process models
Stochastic models were ﬁrst proposed by earthquake engineers for generating samples which
resemble past earthquake records in a given region.
The random nature of the seismic source mechanism and the resulting ground motion was ﬁrst
recognized by Housner (1947, 1955). He idealized ground acceleration as a white noise and
attributed its erratic appearance to irregular fault
slippage followed by numerous random reﬂections
and attenuation along the propagation path. Based
on Housner’s interpretation, various investigators
proposed stochastic models by including stationarity and nonstationarity in time and frequency
domain. The stationary Gaussian process models are an improvement over white noise models.
The procedure essentially consists of a deterministic Fourier amplitude spectrum and a set of random phase angles. The most popular one is the
Kanai–Tajimi (Kanai 1957; Tajimi 1960) model
where power spectral density of ground acceleration is interpreted as response of a damped single
degree-of-freedom system subjected to broad-band
input at its base. The single degree-of-freedom system corresponds to a sedimentary layer overlying bedrock. Three parameters depending on the
layer are required for simulating the power spectral density of acceleration. Recognizing the transient nature of the accelerograms, non-stationary
random process models have been introduced for
simulating ground motion time histories. The simulation procedure typically consists of multiplying
a deterministic modulating function with a stationary process of known power spectral density.
Shinozuka and Sato (1967) proposed a modulated
white noise process. Iyengar and Iyengar (1969)
proposed a more general modulated Gaussian stationary process. The main essence behind these
models is to capture the characteristics of highfrequency motion at an average site from an
average earthquake of speciﬁed size. Stochastic
models were developed when details about earthquake source theory and medium propagation were
not well known. With the availability of strong
motion data, it became clear that high frequency
ground motion cannot be modeled through deterministic approaches and as a result stochastic models are still popular in simulating acceleration time
histories.
5.2 Stochastic seismological models
Seismologists recognizing the stochastic character
of high frequency ground motion adopted the above
non-stationary random process model of engineers
for simulating ground motion time histories and
their peak values, by including a physical model
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to describe the frequency content of the ground
motion. Hanks and McGuire (1981) related the
RMS acceleration of the SMA’s to the ω −2 source
spectra of Brune (1970) modiﬁed by anelastic
and geometric attenuation through the Parseval
theorem. Assuming the acceleration time history
as a ﬁnite-duration, band-limited, white Gaussian
noise, they derived a simple relation between PGA
and RMS acceleration. Their results were further
extended by Boore (1983) for computing ground
motion time histories and response spectra. In this
seismological model, the Fourier amplitude spectrum of ground motion at a site is derived in terms
of source and wave propagation functions represented as a simple equation:
A(f ) = CS(f )D(f )P (f )F (f ).

(11)

Here, S(f ) is the source spectral function, D(f )
characterizes the geometrical and anelastic attenuation in the medium, P (f ) represents upper crust
attenuation and F (f ) is the site ampliﬁcation function. C is a suitable scaling factor. The widely
used source spectral function is the single corner
frequency model

S(f ) = (2πf )2 M0



1+

f
fc

2 
,

(12)

of Brune (1970). The corner frequency fc , the seismic moment M0 and the stress drop Δσ are related
through

6

fc = 4.9 × 10 Vs

Δσ
M0

1/3
,

(13)

Vs is the shear wave velocity in the source region.
The diminution function D(f ) is deﬁned as:

−πf r
,
D(f ) = G exp
Vs Q(f )


(14)

in which, G refers to the geometric attenuation and
the second term refers to the anelastic attenuation,
accounting for the loss of energy along the wave
path. In the above equation r is the hypocentral
distance and Q is the quality factor of the region
deﬁned by:
Q(f ) = Q0 f n .

(15)
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The parameters Q0 and n have to be determined
from past seismic recordings. The high-cut ﬁlter in
the above model is given by:




P (f, fm ) = 1 +

f
fm

8 −1/2
,

(16)

where fm controls the high frequency fall of the
spectrum. The scaling factor C is
√
Rθφ  2
,
C=
(4πρVsz )

(17)

where Rθφ  is the radiation coeﬃcient averaged
over an appropriate range
√ of azimuths and take-oﬀ
angles. The coeﬃcient 2 in the above equation
arises as the product of the free surface ampliﬁcation and partitioning of energy in orthogonal directions. The parameters in the seismological model
have to be selected depending on the region under
consideration. The seismological model is implemented in the time domain through computer simulation, consisting of three steps. First, a Gaussian
stationary white noise sample of strong ground
motion duration (Boore and Atkinson 1987),
T =

1
+ 0.05r
fc

(18)

is simulated. In the above equation, fc is the corner
frequency which is related to the stress drop and
seismic moment. To introduce nonstationarity, this
sample is multiplied by the modulating function of
Saragoni and Hart (1974) expressed as:

e(t) = k1

t
Tw

k2



t
exp −k3
Tw


(19)

where the parameters k1 , k2 and k3 are found from

k2 = −

k3 =

k2
,
ε


k1 =

ε ln ζ
,
1 + ε(ln ε − 1)

2.7183
ε

k2
.

(20)

The nonstationary sample is then Fourier transformed into the frequency domain. This Fourier

spectrum is normalized by its root-mean-square
value and multiplied by the terms of equation (5),
derived from the seismological model. The resulting function is transformed back into time domain
to get a sample of acceleration time history. For calculating spectral accelerations (Sa ), the simulated
time history is passed through a single degreeof-freedom oscillator with viscous damping constant equal to 0.05. Two samples of acceleration
time histories for western-central region in Peninsular India and corresponding response spectra for
magnitudes 6 and 7 are shown in ﬁgure 8. The
stress drop, radiation coeﬃcient and cut-oﬀ frequency have been taken as 200 bar, 0.56 and 35 Hz
respectively. ε and ζ in equation (14) have been
taken as 0.2 and 0.05 and Tw has been ﬁxed as
2T (Boore 1983). The computed response spectrum
peaks at high frequencies consistent with bedrock
site condition. Peak values of ground motion parameters can be obtained by generating synthetic
accelerations in time domain or from the Fourier
amplitude spectrum (equation 11) using random
vibration theory directly. With the help of such a
seismological model, one can generate a synthetic
strong motion database by calibrating the parameters such as quality factor, stress drop and cut-oﬀ
frequency to suit a particular region. This approach
provides an alternate for regions with no reliable
strong motion records. However, disadvantage of
the stochastic seismological model is the representation of seismic source as a point, due to which
results are not valid very near the fault. To account
for spatial and temporal variability of the slip acting on the fault plane, point source seismological model has been further improved by Beresenev
and Atkinson (1997). The ground motion simulation procedure essentially consists of dividing the
fault into N number of subfaults and each subfault
is represented as a point source. Ground motion
time histories are calculated for all point sources
by the stochastic seismological model of Boore
(1983). These simulated synthetic time histories
are summed up by applying time lags to account for
the rupture propagation. It is observed that,with
available past records of small and large shocks one
can estimate quality factor, stress drop and cut-oﬀ
frequency. With the help of these parameters, one
can simulate back a synthetic database for large
magnitudes. Alternately, in estimating peak values such as PGA and response spectra, one can
directly use past strong motion records, if available in large numbers for predicting the ground
motion. A simple functional form relating the peak
values with magnitude and epicentral distance
can be derived from the data. These empirical
relations are known as attenuation relationships
and are used universally in estimating seismic
hazard.
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Figure 8.
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Seismological model, sample acceleration time history and response spectra (5% damping) (Kutch region).

5.3 Attenuation relationships
In a linear earth model, if the disturbing forces
and their locations are known, the response at
the surface can be found theoretically. However,
engineering application of this concept suﬀers from
several drawbacks. The hazard at a site need not be
due to a single source. Past experience shows that
a site vibrates due to earthquakes originating anywhere in a region of about 300 km radius around
the site. Thus regional properties and their local
details play major roles in dictating the future seismic hazard at the site. In this context, attenuation relations have an important role in practical
problems. Strong motion parameters such as PGA,
PGV and Sa are represented as a function of magnitude (M ) and source to site distance (r) based
on regional SMA data. While (M , r) are the most
important independent variables in the attenuation
equation of the form
ln(y) = F (M, r, F T, S) + ln(ε),

(21)

eﬀorts have been made to incorporate eﬀects of
fault type (FT), directivity and soil conditions (S)
also. Such relations are in great demand in engineering projects due to their simple form. However, the simple form of the equation introduces

errors in the curve ﬁt and this has to be reported
for any attenuation relation to be meaningful. The
most important limitation of the above model is
in the sample size used to ﬁnd the constants of
the regression. In many parts of the world, the
regional database is not complete with respect to
M and r. Ideally one requires recorded strong
motion data for all magnitudes in the range 4 to
8 and all distances in the range 0–300 km. Very
few regions satisfy this demand on the database.
Thus, considerable care is necessary in using attenuation relations which have been obtained with low
magnitude earthquake data. To address these spatial aliasing issues, several procedures for regression analysis such as two-step regression (Joyner
and Boore 1981), weighted least squares (Campbell
1981), random eﬀects model (Abrahamson and
Youngs 1992) have been proposed. Using these
procedures, a number of attenuation relations for
various parts of the world have been developed
(Douglas 2003). In the Indian context, Sharma
(1998) derived an attenuation relation for peak
ground acceleration from SMA data available for
the Himalayan region. The database consists of 66
PGA values from ﬁve Himalyan earthquakes. Jain
et al (2000) have worked out an equation from
three Central Himalayan earthquakes. A few examples of attenuation equations for active regions
derived from SMA data are as follows.
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Western North American region, Joyner and
Boore (1981)
log10 (y) = −1.2 + 0.249Mw
− log10 r − 0.00255r.

(22)

Himalayan region, Sharma (1998)
log10 (y) = −1.072 + 0.3903ML
− 1.21 log 10 (r + 100.5873ML )

(23)

ln(y) = −2.904 + 0.926Mw
− 1.271 ln(r + 0.060.7Mw ) − 0.00302r.

(27)

Recently Iyengar and Raghu Kanth (2004) have
studied attenuation of peak ground acceleration
and spectral acceleration (Sa/g) in PI from considerations of engineering seismology. The form
of the attenuation equation proposed for bedrock
condition is
ln(y) = c1 + c2 (m − 6) + c3 (m − 6)2
− ln r − c4 r + ln(ε)

(28)

Central Himalayan region, Jain et al (2000)
ln(y) = −4.135 + 0.6470ML
− 0.00142r − 0.753 ln(r)

(24)

where y stands for average (PGA/g) and r is the
source to site distance. ML and Mw stand for local
and moment magnitudes of the event. For regions
with very few SMA data, it is more scientiﬁc to use
the stochastic seismological model of section 5.2
for generating large samples of artiﬁcial ground
motion time histories. With the help of such a sample where in the uncertain source, path and site
parameters can be randomly varied, one can arrive
at reliable attenuation relations valid for a wider
range of M and r values. However, such a model
needs to be validated with the help of some instrumental data. Three examples of PGA attenuation
relations derived from the seismological model are:
Eastern North America, Atkinson and Boore
(1995)
ln(y) = 1.841 + 0.686(Mw − 6) − 0.123(Mw − 6)2
− log(r) − 0.00311r.

(25)

Eastern North America, Toro et al (1997)
ln(y) = 2.2 + 0.81(Mw − 6) − 1.271 ln(r)
  r  
, 0 − 0.0021r. (26)
− 0.11 max ln
100
Central Eastern United States, Hwang and Huo
(1997)

y = (Sa/g), m and r refer to spectral acceleration, moment magnitude and hypocentral distance
respectively. Since Sa can be taken to be a lognormal random variable, ln(y) would be normally distributed with the average of ln(ε) being zero. Hence
with ε = 1, equation (28) represents the mean hazard estimation formula for ground motion. The
coeﬃcients (c1 , c2 , c3 , c4 ) in the equation have
been obtained from extensive seismological modeling and simulation exercise and are reported in
table 2. This relation is valid for bedrock sites
with a shear wave velocity of 3.6 km/s. In ﬁgure 9, the response spectrum of PI for Mw = 6
calculated at two hypocentral distances of 30 km
and 100 km is plotted along with a few spectra proposed for ENA (Toro et al 1997; Hwang
and Huo 1997; Atkinson and Boore 1995, Campbell 2003). Even though there are diﬀerences, the
spectra peak at high frequencies, which is characteristic of stable continental regions. It is well
known that there can be considerable variation
in local site conditions, and hence the surface
level spectral acceleration values can be diﬀerent from bedrock values. Local site conditions are
typically deﬁned in terms of average shear-wave
velocity in the top 30 m (V30 ) of the soil. This
is the recognized NEHRP (BSSC 2001) approach,
wherein sites are classiﬁed as A: (V30 > 1.5 km/s);
B: (0.76 km/s < V30 ≤ 1.5 km/s); C: (0.36 km/s <
V30 ≤ 0.76 km/s); D: (0.18 km/s < V30 ≤ 0.36 km/s).
E- and F-type sites with V30 < 0.18 km/s are
susceptible for liquefaction and failure. Local site
condition can be incorporated into attenuation
relations by specifying a correction factor for
bedrock spectral acceleration value. The site coefﬁcient Fs (s = A, B, C, D), deﬁned as the ratio of
spectral acceleration at the surface to the bedrock
condition values at all the 27 natural periods has
been determined for India previously by Raghu
Kanth and Iyengar (2007). It is observed that
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Table 2. Coeﬃcients of attenuation equation for peninsular India (equation 28).
Period
(s)

c1

c2

c3

c4

σ(εbr )

0.000
0.010
0.015
0.020
0.030
0.040
0.050
0.060
0.075
0.090
0.100
0.150
0.200
0.300
0.400
0.500
0.600
0.700
0.750
0.800
0.900
1.000
1.200
1.500
2.000
2.500
3.000
4.000

1.6858
1.7510
1.8602
2.0999
2.6310
2.8084
2.7800
2.6986
2.5703
2.4565
2.3890
2.1200
1.9192
1.6138
1.3720
1.1638
0.9770
0.8061
0.7254
0.6476
0.4996
0.3604
0.2904
−0.2339
−0.7096
−1.1064
−1.4468
−2.0090

0.9241
0.9203
0.9184
0.9098
0.8999
0.9022
0.9090
0.9173
0.9308
0.9450
0.9548
1.0070
1.0619
1.1708
1.2716
1.3615
1.4409
1.5111
1.5432
1.5734
1.6291
1.6791
1.7464
1.8695
1.9983
2.0919
2.1632
2.2644

−0.0760
−0.0748
−0.0666
−0.0630
−0.0582
−0.0583
−0.0605
−0.0634
−0.0687
−0.0748
−0.0791
−0.1034
−0.1296
−0.1799
−0.2219
−0.2546
−0.2791
−0.2970
−0.3040
−0.3099
−0.3188
−0.3248
−0.3300
−0.3290
−0.3144
−0.2945
−0.2737
−0.2350

0.0057
0.0056
0.0053
0.0056
0.0060
0.0059
0.0055
0.0052
0.0049
0.0046
0.0044
0.0038
0.0034
0.0028
0.0024
0.0021
0.0019
0.0017
0.0016
0.0016
0.0015
0.0014
0.0013
0.0011
0.0011
0.0010
0.0011
0.0011

0.4648
0.4636
0.4230
0.4758
0.5189
0.4567
0.4130
0.4201
0.4305
0.4572
0.4503
0.4268
0.3932
0.3984
0.3894
0.3817
0.3744
0.3676
0.3645
0.3616
0.3568
0.3531
0.3748
0.3479
0.3140
0.3222
0.3493
0.3182

intensity of bedrock motion does not strongly inﬂuence the site coeﬃcients FA and FB . For C and
D-type sites, surface motion is strongly correlated
with bedrock values. This dependency for all sites
has been expressed as:
ln(Fs ) = a1 ybr + a2 + ln(δs ).

(29)

The regression coeﬃcients (a1 , a2 ) along with the
standard deviation of ln(δs ) are reported in table 3.
The site coeﬃcient Fs is a function of natural
period and is like a modiﬁcation or ampliﬁcation
factor on the means Sa value at bedrock. With
the help of tables 2 and 3 and equation (28), the
average response spectrum (5% damping) at any
site in PI can be found from the expression:
ys = ybr Fs .

(30)

The deviation from the mean, εs is characterized
in terms of its standard deviation expressed as:

σ(ln εs ) =



σ(ln εbr )2 + σ(ln δs )2 .

(31)

In ﬁgure 10 the average response spectrum for
an event of magnitude Mw = 6 occurring at a
hypocentral distance of 30 km, is presented for ﬁve
diﬀerent site conditions. The shift of the predominant frequency from higher to lower values as
the site changes from bedrock to D-type is clearly
brought out by this ﬁgure. An excellent review of
attenuation relations has been presented by Bullen
and Bolt (1985) and Campbell (2003a).

6. Characterization of seismic hazard
as per Indian code IS-1893
The approach of seismic hazard estimation in
India have been to follow the code IS-1893 (2002)
brought out by Bureau of India standards. This
divides the vast country of some 3 million square
meters into four zones. The hazard is speciﬁed
in terms of a standard response spectrum shape
scaled by the zone factor which is presumably the
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Figure 9.

Comparison of 5% damped response spectra (bedrock condition).

expected PGA value. The BIS code recommends
normalized spectra shape for rock, medium and
two soil conditions as being valid all over the India.
As is well documented Indian subcontinent suﬀers
from interplate as well as intraplate earthquakes.
The geological disposition of the faults and the seismogenicity of the southern part of India is much
diﬀerent from that in the Indo-Gangetic plains and
the Himalayan region. It would be interesting here
to compare the IS-1893 (2002) spectra and the
average spectra derived from the PI attenuation
relations. The response spectrum shape derived
from PI attenuation relation varies with magnitude and epicentral distance, whereas the spectrum
given in IS-1893 is an average shape for all magnitudes and distances. A universal analytical spectral shape corresponding to equations (28) and (30)
can be obtained by considering m and r as random
variables. Here the moment magnitude m is taken
as exponentially distributed in 5 to 8. The distance
term is distributed as a uniform random variable
in 30–300 kms. The average spectra so obtained is
scaled to unit PGA and presented in ﬁgure 11 along
with the recommendations of IS-1893 (2002). It is
seen that the codal provisions have serious limitations as far as their application in PI is considered. For hard rock sites that are common in PI
the IS code spectrum appear to be underestimating
the forces at the high frequency end. On the other

hand, at soil sites the code appears to overestimate
force levels at longer periods.

7. Discussion
Earthquake sources are buried deep below
the surface and hence have the potential to
induce vibration in a large region. A potential fault
may be extending for tens or hundreds of kilometers. The size of the rupture plane in a strong
earthquake can be of the order of 100 km or more.
In contrast, the engineering requirement is to know
the ground motion at a site of small size on the
surface of the earth. The amplitude itself will be
less than a meter with the vibration lasting for a
minute or less. Understanding such a large scale
phenomena and to relate it, in a small scale, with
a city or a site poses considerable challenges in
engineering analysis. A review of a few important methods adopted to handle this problem has
been brieﬂy presented in this paper. Engineers are
interested in the eﬀects of an earthquake rather
than in the causes. This has led to development
of large number of empirical approaches to model
ground motion. The uncertainties are incorporated
as randomness and thus random process models
are still popular in generating ground motion. The
major weakness of such an approach is the lack of
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Table 3. Site coeﬃcients for composite peninsular India.
FA (a1 = 0)

FB (a1 = 0)

FC

FD

Period
(s)

a2

σ(ln δs )

a2

σ(ln δs )

a1

a2

σ(ln δs )

a1

a2

σ(ln δs )

0.000
0.010
0.015
0.020
0.030
0.040
0.050
0.060
0.075
0.090
0.100
0.150
0.200
0.300
0.400
0.500
0.600
0.700
0.750
0.800
0.900
1.000
1.200
1.500
2.000
2.500
3.000
4.000

0.36
0.35
0.31
0.26
0.25
0.31
0.36
0.39
0.43
0.46
0.47
0.50
0.51
0.53
0.52
0.51
0.49
0.49
0.48
0.47
0.46
0.45
0.43
0.39
0.36
0.34
0.32
0.31

0.03
0.04
0.06
0.08
0.04
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.03
0.03
0.06
0.01
0.01
0.02
0.01
0.01
0.02
0.01
0.02
0.03
0.04
0.04
0.05

0.49
0.43
0.36
0.24
0.18
0.29
0.40
0.48
0.56
0.62
0.71
0.74
0.76
0.76
0.74
0.72
0.69
0.68
0.66
0.63
0.61
0.62
0.57
0.51
0.44
0.40
0.38
0.36

0.08
0.11
0.16
0.09
0.03
0.01
0.02
0.02
0.03
0.02
0.01
0.01
0.02
0.02
0.01
0.02
0.02
0.02
0.02
0.01
0.02
0.11
0.03
0.04
0.06
0.08
0.10
0.11

−0.89
−0.89
−0.89
−0.91
−0.94
−0.87
−0.83
−0.83
−0.81
−0.83
−0.84
−0.93
−0.78
0.06
−0.06
−0.17
−0.04
−0.25
0.36
−0.34
−0.29
0.24
−0.11
−0.10
−0.13
−0.15
−0.17
−0.19

0.66
0.66
0.54
0.32
−0.01
−0.05
0.11
0.27
0.50
0.68
0.79
1.11
1.16
1.03
0.99
0.97
0.93
0.88
0.86
0.84
0.81
0.78
0.67
0.62
0.47
0.39
0.32
0.35

0.23
0.23
0.23
0.19
0.21
0.21
0.18
0.18
0.19
0.18
0.15
0.16
0.18
0.13
0.13
0.12
0.12
0.12
0.09
0.12
0.12
0.10
0.09
0.09
0.08
0.08
0.09
0.08

−2.61
−2.62
−2.62
−2.61
−2.54
−2.44
−2.34
−2.78
−2.32
−2.27
−2.25
−2.38
−2.32
−1.86
−1.28
−0.69
−0.56
−0.42
−0.36
−0.18
0.17
0.53
0.77
1.13
0.61
0.37
0.13
0.12

0.80
0.80
0.69
0.55
0.42
0.58
0.65
0.83
0.93
1.04
1.12
1.40
1.57
1.51
1.43
1.34
1.32
1.29
1.28
1.27
1.25
1.23
1.14
1.01
0.79
0.68
0.60
0.44

0.36
0.37
0.37
0.34
0.31
0.31
0.29
0.29
0.19
0.29
0.19
0.28
0.19
0.16
0.16
0.21
0.21
0.21
0.19
0.21
0.21
0.15
0.17
0.17
0.15
0.15
0.13
0.15

Figure 10. Eﬀect of local site condition on response spectrum (Mw = 6; r = 30 km).

regional and local fault features which are known
to govern structural damage. Hence the necessity
of mechanics-oriented ground motion models need
not be over emphasized.

Figure 11. Comparison between analytical response spectra
and IS-1893 design spectrum.

Much eﬀort has been put forth by seismologists
to map the source of earthquakes. Largely, these
are based on teleseismic records and point source

702

S T G Raghu Kanth

assumption. These are naturally of limited application in addressing issues of seismic hazard of a city
that could be of the size of a fault rupture zone.
In such a situation, the two-dimensional nature of
the source would play a dominant role in dictating
spatial variability of surface level ground vibration
in the city. No doubt there are several investigations to map the rupture zone of past earthquakes with the help of teleseismic data. However,
one would like to carry out this with the help
of near source data, which incorporates high frequencies, directivity eﬀects and local soil variability trends. It is likely that the observed randomness
in space and time of strong motion array data gets
mapped on to the source zone in a more orderly
fashion. There are studies regarding the determination of seismic force distribution on the rupture
plane using near-ﬁeld strong motion records, but
these are limited to frequencies less than 2 Hz. The
initial source parameters such as fault geometry,
subfault size and rupture speed are ﬁxed beforehand based on the teleseismic data and from the
aftershock distribution. The fault is assumed as
a plane and several constraints are imposed to
get smooth results and the obtained source models may also not be unique. The randomness in
the source geometry, which plays a major role
in simulating high frequency ground motion, is
ignored in these models. However if improved, such
source mechanism models are likely to provide
engineers with reliable surface level strong motion
patterns.
The mechanistic models provide accurate ground
motion predictions, if the fault, its rupture
behavior and properties of the medium are known.
Here one faces a second level of diﬃculty namely,
information on the faults and regional velocity
models may not be available. The accuracy of the
speciﬁed input parameters is thus a limiting factor for ground motion prediction through mechanistic approaches. Moreover, these approaches are
computationally expensive and can at one time
lead to results on one source. Thus to understand
the hazard over a wide area which can arise due
to several faults with diﬀerent recurrence characteristics, source mechanism models are not attractive to engineers. For design of structures in a
vulnerable city, with sparse past data it becomes
much more important to account for uncertainties
that arise due to lack of information about past
seismicity of the region. In such a situation, statistical concepts can be included to handle variations about a mean value. The above points to the
necessity of developing empirical ground motion
relations with very little recorded data. The available strong motion accelerograph (SMA) data in
India lacks multiple SMA recordings of strong
earthquakes. Hence an empirical equation obtained

solely with the help of the available incomplete
SMA data will be unreliable. Under such conditions, one can attempt stochastic seismological
models for generating a synthetic SMA database,
which can be further used for deriving ground
motion relations. Such relations will be useful in
estimating seismic hazard.
Engineers in India generally use the spectral
shape recommended by the code IS-1893 (2002)
further scaled by a zonal factor supposed to be representing the expected PGA. The conﬁdence levels
associated with the design four zonal PGA values
are not given by the code. Recently, GSI (2000)
has brought out a detailed Seismotectonic Atlas
of India. As per this, at any point there could be
about 20–25 faults contributing to ground motion
at the site. Moreover, there is considerable literature discussing issues like frequency content, stress
drop, Q-factor and simulation of ground motion in
the context of seismological issues related to Indian
earthquakes (Mandal and Rastogi 1998; Singh et al
2002, 2004). Thus, it would be preferable to know
the future hazard at a city or a project site in a
better fashion rather than taking the PGA values
of IS-1893 (2002).
Ultimately, it is clear that at present engineering approaches for ground motion estimation tend
to model the manifestations of earthquakes without too much focus on the phenomena causing the
ground motion. Hence this could lead to a large
amount of uncertainty, in the ﬁnal results. Even
though these techniques are less precise, they are
generally preferred due to their simplicity. The
source mechanism models based on seismological
theory for ground motion simulation include geometric and dynamic characteristics of earthquake
sources. Although these models can simulate low
frequency ground motion, diﬃculties exist in representing seismic sources at high frequency ranges
due to involvement of a large number of parameters. A simple engineering model for seismic
sources based on a few parameters further capable
of simulating site speciﬁc SMA’s will be useful in
a seismic design.
8. Conclusion
Modeling and simulation of strong ground motion
has numerous potential applications in a seismic design of structures. In this paper, current
methods for modeling the strong motion have
been reviewed. Both mechanistic and empirical
approaches for simulation of ground motion have
been discussed. The above literature review and
discussion highlights the advantage of developing
simple engineering source mechanism models for
simulating near source ground motion.

Modeling and synthesis of strong ground motion
Due to the occurrence of devastating earthquakes in India, understanding the attenuation of
ground motion during strong events has become an
important topic. Development of suitable empirical
ground motion relations for seismogenic regions of
India is a problem of great urgency. Stochastic seismological approach may be the only way to develop
design spectra for vulnerable cities of India.
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