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ABSTRACT: In several recent earthquakes, significant damages and loss of life has been
directly related to various site effects like local soil condition, basin effect and effect of surface
topography. Three dimensional basin structures are found to have significant effect on ground
motions. The present study is aimed at investigating the effect of basin on seismic ground
response particularly for Indian terrain conditions. During the 2001 Bhuj earthquake in India
damages that occurred even at places far from the epicentre were found to be due to the effect
of Kutch basin. A sincere effort is taken to model the Kutch basin and carry out 3D site
response analysis numerically. The Kutch area extending from latitude 23° to 23.85° and lon-
gitude 69.55° to 70.85° is studied. The sediment thickness of the study area estimated by ana-
lysing three component digital accelerograms deployed at the region is used to model the
basin geometry. A typical basin terrain at Kutch region 150 km long and 90 km wide was
considered and the sediment thickness varies from 0.90 km to 1.50 km. The soil medium is
represented by a visco-elastic model and is characterised with the measured shear wave vel-
ocity. The element size is kept smaller than one-fourth of the wavelength associated with the
highest frequency and the sides of the domain are modeled as absorbing boundaries. The only
recorded accelerogram available from 2001 Bhuj earthquake is given as input at the base of
the numerical model at depth of 30km. Three dimensional linear ground response analysis is
carried out for the study region using the spectral element code SPEED and the results are
presented in terms of ground motion parameters such as peak horizontal acceleration, fre-
quency and duration and spectral amplification.

1 INTRODUCTION

The sudden release of energy due to the rupture of a fault causes the seismic waves that shake
the ground. The seismic waves are generated at the source and propagate through different
geological media (path) until they reach the surface at a specific site. There is a significant spa-
tial variation of the seismic motion at the surface due to the influence of three important fac-
tors namely the source, path and site effect. Site effect is defined as the modification of ground
motion when the seismic wave travels from the bed rock through the overlying soil to the
ground surface. Site effects can be due to the impedance contrast, variation in subsurface lat-
eral geometry and surface topography. The amplification of surface motion due to the geo-
metrical variation of the subsurface and the lateral heterogeneities is referred as basin effect.
Sedimentary basins are a common geological structure along the faults where sediments
deposit gradually following the fault rupture. As the basin effects play an important role in
modification of the surface ground motion, assessment of the basin effect is crucial for
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quantification of the seismic hazard. Propagation of seismic waves through the basins was
studied by various researchers, for example, the Los Angeles basin (Graves et al., 1998), Kobe
basin (Pitarka et al, 1998), and Mexico City (Kawase & Aki, 1989). However, the contribution
of basin effects on ground motions atop complex basins to the overall pattern is still unclear.
Direct assessment of ground motion amplification due to basin effects relies on dense

deployment of instruments and recorded events. Due to long return periods of earthquake,
large datasets do not exist for direct assessment of basin effect. Ambient vibration recording
of microtremors was found to be a potential alternative for field method, in which horizontal
to vertical spectral ratio (HVSR) and standard spectral ratio (SSR) is used to express the site
amplification. However there is no simple correlation between the spectral ratio and the site
amplification factor.
Numerical modelling turn to be a complementary method since parametric analysis can be

approached by numerical simulations. Initial studies were focused only on developing average
One-Dimensional (1D) models to study the site effects by use of 1D transfer function for verti-
cally propagating SH waves. One-dimensional site response analysis can model only one of
the following waves at one time: SH wave, SV wave or P wave. During the wave propagation
in two dimensions, SV wave and P wave interact with each other and they will each produce
both P wave and SV wave in reflected and refracted phases when they arrive at the boundary
or interface between two soil layers. On the other hand when SH wave arrives at the boundary
only SH wave is reflected and refracted (Jia, 2018). Many verification studies performed using
equivalent linear and nonlinear codes to verify the effectiveness of 1D wave propagation ana-
lysis in basin site showed poor predictions for many basin sites (Bozorgnia & Bertero, 2004).
The difference in accuracy may be associated with multi-dimensional basin effects (Figure 1);
therefore to accurately simulate wave propagation in basin cases Two-Dimensional (2D) or
Three-Dimensional (3D) modelling is sorted.
The modification of strong ground motion due to two or three dimensional basin effects is

modelled by various numerical techniques. The 3D simulation of ground motion based on
finite difference (FD) programs carried out in various basins across the world (Frankel 1993,
Olsen 2000) show that both SV and SH wave amplification patterns are influenced signifi-
cantly by the multidimensional basin effect (Pitarka et al. 1998). However, the difficulty in
modelling free surface boundaries and complex geometrical features in FDM led to the lack
of precision in the simulation of surface wave propagation (Jih et al. 1988). Few studies on
simulation of ground motions using finite element method (FEM) reported in the literature
indicates amplification for the stations located near the basin edge (Kawase 1996, Day et al.
2008). Apparently FEM had less attention due to its major drawbacks such as dispersion in
the case of lower order finite element and occurrence of spurious waves in higher order elem-
ents (Semblat et al. 2008). The spectral element method (SEM) that has been successfully used
to study basin response for seismic events shows good agreement between the numerically
simulated and recorded data. The ground motion obtained at various locations in the basin
with 3D spectral element modelling captures the basin effects such as edge effect and focussing
effect (Paolucci et al. 2016, Smerzini et al. 2011, Chaljub et al. 2010). Due to the convergence
and high efficiency in computer resources, SEM based programs gained popularity and is

Figure 1. Schematic representation of basin effect in 1D, 2D and 3D (modified from Hisada and

Yamamoto,1996)
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thriving. Since there are no large scale numerical studies on basin effects on ground motion in
India, this study focus on ground motions atop Kutch basin, India located in active intra-
plate region, using spectral element code SPEED (SPectral Elements in Elastodynamics with
Discontinuous galerkin).

2 STUDIES ON KUTCH BASIN

The Gujarat state in India has three important basins namely the Kutch basin, the Cambay
basin and the Narmada basin. The kutch basin has experienced two large earthquakes greater
than Mw7.7 in the past; 1819 Kutch earthquake and 2001 Bhuj earthquake and site effect is
reported during both the earthquakes at Kutch region (Rastogi 2011, Mandal et al. 2008).
The E-W oriented Kutch basin has a half graben structure and is bounded by parallel faults

namely North Parkar fault (NPF), Island Belt fault (IBF), Goradongar fault (GDF), South
Wagad fault (SWF), Kutch Mainland fault (KMF), Katrol hill fault (KHF) and North
Kathiawar fault (NKF) (Biswas 2005). The structural axis of the basin plunges southwest with
sediment fill thickness from less than 500 m in the north to over 4000 m in the south and from
200 m in the east to over 2500 m in the west. Figure 2 shows the map of the study area includ-
ing the basin and the causative fault – Kutch Mainland fault (KMF) of 2001 Bhuj earthquake.
The size of the basin and the sediment thickness in the basin estimated by Mandal (2006) is
used in the present study.

3 SPECTRAL ELEMENT MODELING OF THE BASIN

The region extending from latitude 23° to 23.85° and longitude 69.55° to 70.85° is considered
for the study. The geological conditions out of this boundary is not considered, therefore the
domain outside the basin is represented as rock outcrop. The computational domain of size
200 × 140 × 30 km3 is considered whereas modelling of basin surface corresponding to the
study region is adopted in the domain 140 x 90 x 30 km3 (Figure 3), beyond which the domain
is represented by rock outcrop. Along the basin-rock interface sudden dips were observed.
The domain is discretized using hexahedral mesh by a third party mesh generation software

CUBIT. The mesh size is provided based on the criteria of five grid points per minimum

Figure 2. Map of the study area (brown circle represents basin)
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wavelength (Komatitsch et al. 2004). The mesh was created in order to propagate frequencies
up to 1.0 Hz. Considering the shear wave velocity and frequency of the input wave, mesh size
of 500m and 1000m is selected in sediment and rock respectively. In the SEM, initially the
domain (Ω) is divided into sub-domains (Ω1, Ω2, etc,) of same type but not of same length, that
is, non-conforming (Figure 4a). The second level partitioning in each subdomain is conform-
ing, that is, elements in each sub-domain is of the same size. The non-conforming strategy in
the discontinuous galerkin spectral element method allows us to vary both the mesh size and
polynomial approximation degree between rock and soil (Mazzeiri 2012). Figure 4b shows the
meshing for numerical model of the basin.
The soil in basin is modelled as a visco-elastic medium. The dynamic properties of the geo-

logic medium are adopted from Sairam (2012). The average shear wave velocity value of 500
m/s and 1000 m/s is adopted for the soil and rock layers respectively. The poison’s ratio is
assumed to be 0.2 and 0.15 for the soil and rock layers respectively. The frequency constant
damping for shear waves is represented by the quality factor Qs, which is assumed as one-
tenth of the shear wave velocity (Zhu et al. 2018). The parameters used in the analysis are
summarised in Table 1.

Figure 3. The digital elevation model of kutch basin used in the study

Figure 4. (a) Domain partitioning in spectral element method (b) Meshing of the basin model
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Absorbing boundary conditions are implemented by considering the local paraxial condi-
tion, proposed by Stacey (1988). The accelerogram recorded in a building at Ahmedabad,
located 300 km away from the epicentre is the only available strong motion data of 2001 Bhuj
earthquake. Due to the lack of recorded strong motion data, accelerogram available at 300
km is scaled to 10 times roughly (1.1g) and is given as input motion (Figure 5) at the base of
the model. A linear ground response analysis is carried out and time history of acceleration is
obtained at every 5km on the surface of basin sediments. The simulation is performed at
Virgo Cluster available at IIT Madras using 256 parallel processors. Single simulation was
carried out at total computational time of about 520 hours.

4 RESULTS AND DISCUSSIONS

To investigate the basin effect in Kutch basin, acceleration time history is computed at the
surface of the basin sediment of dimension 140 x 90 km2. The results obtained at selected
points along the basin surface, marked from B1 to B20, are discussed in this paper in terms of
spectral acceleration and ground motion parameters such as peak horizontal acceleration
(PHA), frequency and significant duration. Typical time history of surface acceleration
obtained from the analyses of Kutch basin for 2001 Bhuj input motion at points near the
basin edge (B17), at deeper portion of the basin (B11) and anywhere else in the basin (B16) is
presented in Figure 6. It can be noticed from the figure that the PHA value near the basin
edge and at deeper portion of the basin, i.e. at point B17 and B11, is significantly higher than
the PHA at points anywhere else in the basin (B16).

Table 1. Geophysical properties of the materials used

Depth
H (m) Material

Shear wave vel-
ocity Vs (m/s)

Quality
factor Q for
Vs

Compressional wave
velocity Vp (m/s)

Quality factor
Q for Vp

Density ρ

(kg/m3)

1500 Soil 500 50 800 100 2000

30000 Rock 1000 100 1520 200 2500

Figure 5. 2001 Bhuj Earthquake accelerogram (Transverse component) applied as input at the base

Figure 6. Acceleration time history along the surface at (a) B17 (b) B11 (c) B16

5535



It is observed from the overall acceleration response along the basin surface shown in
Figure 7, that the peak horizontal acceleration obtained near the basin edges are relatively
higher than those observed inside the basin. The peak horizontal acceleration of about 4.0g to
6.0g is obtained near the basin edges, while the highest value of 6.01g is attained at the corners
of the basin (B17, B4) due to the interference of reflected waves from the multiple edges. It is
also noted that the number of peaks observed in the acceleration response at the corners of
basin (B4, B20) is almost double of what was observed at adjacent nodes along the edges (B3,
B19). Similar amplification pattern in the acceleration response is also seen near the deeper
portion of the basin (B6, B7, B10, B11) due to wave trapping. An increase in peak horizontal
acceleration of 4.5 to 6 times is observed near the edges and at the deeper portion of the
basins, whereas an increase of 3 to 4 times is observed anywhere else in the basin.
The significant duration of input motion is 14 seconds, whereas an increase in the signifi-

cant duration to 15 seconds and 16 seconds is observed near the edges and at the interior
region of the basin respectively. The predominant frequency of the input motion also varied
from 1Hz to 1.7Hz and 3Hz at the interior and edges of the basin, respectively. The sensitivity
of basin edge effect along the edges and wave trapping at the deeper part of basin is clearly
seen in parameters such as frequency and duration of ground motion.
The response spectra in terms of spectral acceleration for input motion and the output

obtained for 5% damping is computed and compared in Figure 8. As seen from the figure
the maximum spectral acceleration and also the corresponding range of time period at
which the maximum value occur, changes drastically along the basin surface. The maximum
spectral acceleration of about 20g is observed at the deeper portion of the basin (B9, B11).
Near the edges (B2, B3, B19, B20), the maximum spectral acceleration of 15g is observed at
period of about 0.5 seconds. At the center of basin (B10) the maximum spectral acceleration
of 15g is obtained at comparatively higher period of 0.8 seconds. The higher spectral
response obtained, i.e.15g, could be simply due to the higher ground acceleration. It is also
seen that there are two or three distinct peak points on the curve near the edges and at the
dips. The spectral acceleration anywhere else along the basin surface is found to be com-
paratively lesser.

Figure 7. Horizontal component of acceleration computed at the surface of Kutch basin at different

locations

5536



It can be concluded from the amplification pattern of surface acceleration response and
spectral acceleration and period lengthening that along the edges and at dips the basins exhibit
multi-dimensional effect and other regions indicate 1D amplification.

5 CONCLUSION

The multidimensional effect of basin on the ground motion parameters is studied using a spec-
tral element program SPEED. The Kutch basin in India subjected to 2001 Bhuj earthquake
(scaled to 1.1g) is modeled and three dimensional linear ground response analysis is carried
out. The results are interpreted in terms of peak horizontal acceleration, frequency and dur-
ation of ground motion and spectral acceleration. The peak horizontal acceleration is found
to be most amplified around 6 times at the corners and deeper part of the basin. The max-
imum increase in significant duration of about 2 seconds is observed at the basin centre. The
observed variation in frequency content and the duration of the ground motion along the sur-
face of basin, illustrated the basin edge effect and wave trapping along the edges and at the
interior of the basin, respectively. The change in the pattern of spectral acceleration also
clearly indicated the effect of basin on structures. It can be concluded that significant changes
observed in the ground motion parameters and spectral acceleration along the edges and dips
are due to the multidimensional basin effects. In regions other than the edges and dips, one
dimensional analysis will be adequate.
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