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This paper presents the three most important aspects of seismic microzonation namely prediction
of fundamental frequency (F0 ) of soil deposit, aggravation factor (aggravation factor is simply the
extra spectral ampliﬁcation due to complex 2D site eﬀects over the 1D response of the soil column)
and the spatial variability of the ground motion caused by the basin-edge induced Love waves. The
predicted F0 of single, double and three-soil-layered models revealed that the available empirical
relations to predict the F0 of layered soil deposits are inadequate. We recommend the use of
analytical or numerical methods to predict such an important parameter based on wave propagation
eﬀects. An increase of amplitude of Love wave, strain level and average aggravation factor (AAF)
with increase of impedance contrast was obtained. Based on the trend of rate of decrease of AAF
and maximum strain with oﬀset from the basin-edge, we can qualitatively infer that the eﬀects of
induced Love wave may reduce to a negligible value after a traveled distance of 6.5–10.0 λF (where
λF is the wavelength corresponding to the F0 of soil layer). The obtained increase of strain level
with the decrease of distance between two receiver points used for the computation of strain reﬂects
that structures having spatial extent smaller than the λF may suﬀer damage due to the basin-edge
induced surface waves. The fast rate of decrease of strain with the oﬀset from the strong lateral
discontinuity (SLD)/basin-edge may be attributed to the dispersive nature of Love wave. We can
incorporate the increased spectral ampliﬁcation due to the induced surface waves in the form of
aggravation factor but till date we have no eﬀective way to incorporate the eﬀects of developed
strain by induced surface waves in seismic microzonation or in building codes.

1. Introduction
Seismic microzonation of an area is very much
essential for the minimization of the impact of
earthquake hazards and prediction of seismic
risk, as well as cost eﬀective earthquake engineering. Currently, Indian geoscientists are seriously
involved in seismic microzonation of mega cities.
The prediction of fundamental frequency (F0 ) of
soil deposit is one of the important tasks of seismic
microzonation. The earthquake engineers generally keep the natural frequency of structures below
the F0 to avoid double resonance during earthquake (double resonance is the resonance of body
wave frequency with F0 of soil and then again

resonance with the natural frequency of structure).
For a single horizontal soil layer, we can compute
F0 using simple relation F0 = VS /4H (where VS is
the shear wave velocity in the soil layer of thickness
‘H’) Empirical relations have also been developed
to predict the F0 of a layered medium (Dobry et al
1976). In this paper, the appropriateness of the
available empirical relations for the prediction of
F0 of layered soil deposits has been tested.
The current practice of seismic microzonation in
most countries is to transfer the bedrock motion to
the surface using the 1D S-wave response of a soil
column. Theoretical and observational studies have
revealed that basin-edge, subsurface topography
and strong lateral discontinuities (SLD) can induce
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Figure 1. Staggering technique for SH-wave FD algorithm with fourth order spatial accuracy. (a) Particle displacement
and density are deﬁned at grid nodes and shear stress components and shear modulus are deﬁned at the midpoint between
two adjacent grids and (b) extended grid points above the free surface.

damaging surface waves (Bard and Bouchon 1980;
Moczo and Bard 1993; Pitarka et al 1998; Graves
et al 1998; Narayan 2003, 2005; Narayan and
Singh 2006; Narayan and Ram 2006). 1D response
was inadequate to explain the observed damages
due to the basin-edge induced surface waves in
Santa Monica during the 1994 Northridge earthquake (Graves et al 1998) and in Kobe basin
during the 1995 Kobe, Japan earthquake (Pitarka
et al 1998). Therefore, the incorporation of 2D/3D
site eﬀects in seismic microzonation is essential.
Chavez-Garcia and Faccioli (2000) proposed the
term aggravation factor (AF) to incorporate the
2D/3D complex site eﬀects in building codes and
seismic microzonation (aggravation factor is simply
the extra spectral ampliﬁcation due to the complex
2D/3D site eﬀects over the 1D response of the soil
column).
The spatial variability of ground motion caused
by basin-induced surface waves has an important eﬀect on the response of lifelines, such as
pipelines, bridges and communication transmission systems. Because lifelines extend over long
distances parallel to the ground, their supports
may undergo diﬀerent motions during an earthquake. The diﬀerential ground motion induces signiﬁcant additional stresses in the structures than
the ones induced if the motions at the supports
were considered to be identical. Till date, there
are no eﬀective ways to incorporate the potentially catastrophic eﬀects of strain developed by

the basin-edge/SLD induced surface waves in the
seismic microzonation as well as in the building
codes.
The research work presented in this paper has
three important aspects: veriﬁcation of appropriateness of empirical relations to predict F0 of layered soil deposits; eﬀects of impedance contrast
on the induced surface waves and computation of
aggravation factor; and the computation of spatial
variability in the ground motion caused by induced
surface wave. SH-wave responses of SLD and basinedge models have been simulated using a ﬁnite difference program developed by Narayan and Kumar
(2008). This program is based on parsimonious
staggered grid approximation of SH-wave equation
with second order accuracy in time and fourth
order accuracy in space (Luo and Schuster 1990;
Narayan 2001a, 2001b).

2. Salient aspects of the computer
program used
In the following subsections, some of the important aspects of the computer program used, such as
staggered grid ﬁnite diﬀerence (FD) approximation
of wave equation, grid dispersion, stability, boundary conditions, spatial attenuation and maximum
to minimum grid spacing ratio used in the program are described (details are given in Narayan
and Kumar 2008).
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2.1 FD approximation of SH-wave equation
The used program is based on the staggered
grid FD approximation of SH-wave equation with
second order accuracy in time and fourth order
accuracy in space. Figure 1 shows the staggering
technique, where particle displacement and the
density are deﬁned at the nodes and the shear
stresses and shear modulus are deﬁned at the
midpoint between the two adjacent grids. The
elastodynamic wave equation for SH wave propagation in a heterogeneous medium and in the
XZ-plane is
ρ
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where V is the particle displacement in the
y-direction, σxy and σzy are the shear stress components, ρ is the density and μ is the shear modulus.
∂/∂x, ∂/∂z and ∂ 2 /∂t2 are the diﬀerential operators. In equations (1)–(3), the time derivative
was replaced by second order accurate central difference FD operator and space derivatives were
replaced by a fourth order staggered grid FD operator (Levander 1988; Graves 1996; Pitarka 1999;
Moczo et al 2000)
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and the stress-strain relationship is as given below:

⎥
⎥
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⎥
⎦

The value of constants ‘a’ and ‘b’ are ‘−1/24’
and ‘9/8’, respectively. The superscript ‘n’ refers
to the time index and the subscripts ‘i’ and ‘l’
refer to the spatial indices in the x and z direction, respectively. ΔXi,l and ΔZi,l are the grid
size at grid position ‘i, l’ in x- and z-direction,
respectively. The eﬀective values of the modulus of
rigidity, deﬁned at the midpoint between the two
adjacent grids in the staggered grid, was obtained
using a harmonic mean (Moczo et al 2002)
1
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2.2 Absorbing boundary conditions
and attenuation
Both the sponge boundary (Israeli and Orszag
1981) and A1 absorbing boundary (Clayton and
Engquist 1977) conditions were used simultaneously to avoid the edge reﬂections. A time domain
attenuation operator based on an approximate
technique is used for the modeling of spatially varying viscoelastic media (Graves 1996). A reference
frequency (dominant frequency f0 ) in the middle of
the desired frequency band was chosen. An attenuation operator (A) used in the simulation and
applied at a grid point (i, l) for time step Δt is
given below,
Ai,l = exp

−πf0 Δt
Qsi,l

,

(8)
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Figure 2. Comparison of computed FD responses of a
homogeneous model with uniform gridding (solid line) with
the RF responses (dotted line) at two epicentral distances
(note: 6.0, 5.0 and 4.0 grid points per shortest wavelength
was used in ﬁgures a, b and c, respectively.

where QS is the quality factor for S-wave. QS was
taken as 10% of the value of S-wave velocity at the
grid nodes.
2.3 Grid dispersion and stability
To study the numerical grid dispersion, seismic
responses of a homogeneous half-space model with
3
VS = 1800 m/s and density = 2.5 g/cm were computed using both the FD method and reﬂectivity
method (RF) (Kennett 2002). Ricker wavelet with
1.0 Hz dominant frequency and upper cut-oﬀ frequency as 3.0 Hz was used as an excitation function. Model was discretised using square grids of
size 100 m, 120 m and 150 m with eﬀectively 6.0,
5.0 and 4.0 grid points per shortest wavelength,
respectively. Source was implemented at a focal
depth of 3.0 km. Figure 2 shows the comparison
of computed seismic response of the homogeneous
model using RF (dotted line) and FD (solid line)
methods at an epicentral distance of 6.0 km and
9.0 km. The analysis of ﬁgure 2 revealed that the
minimum required number of grid points per shortest wavelength to avoid the grid dispersion is 5–6,
which is the same as that reported by Levander
(1988) and Moczo et al (2000) for fourth order
spatial accuracy. On the basis of various iterative numerical experiments, it was inferred that
the used SH-wave FD algorithm with variable grid
size is stable, if the following stability condition is
locally satisﬁed:
VS Δt
≤ 0.71.
min(Δx, Δz)

(9)

2.4 Maximum grid spacing ratio
The discretisation of a model with varying topography or a very soft soil layer with a uniform grid

Figure 3. Comparison of computed FD responses of a
homogeneous model with variable gridding (means diﬀerent
maximum grid spacing ratio) (solid line) with RF response
(dotted line) at two epicentral distances.

size requires very large computational memory. In
order to avoid the same, variable grid size with
a continuous grid mesh was used (Miyatake 1980;
Moczo 1989; Pitarka 1999; Narayan and Ram 2006;
Narayan and Kumar 2008). In order to show the
maximum grid spacing ratio up to which the used
program is accurate, the responses of a homogeneous model with S-wave velocity and density as
3
1800 m/s and 2.5 g/cm were computed. Model was
discretised with larger grid size as 100 m and different smaller grid size as 30, 15, 10, and 8 m.
So, we have larger to smaller grid size ratio as
1:3.33, 1:6:66, 1:10 and 1:12.5. RF (dotted line) and
FD (solid line) responses shown in ﬁgure 3 were
computed at 6.0 km and 9.0 km epicentral distance
using source at a depth of 3.0 km. A good resemblance of RF and FD responses for diﬀerent grid
spacing ratio reveals that maximum grid spacing
ratio of the order of 12.5 or even more can be used
without harm.
2.5 VGR-stress imaging technique
In the staggered grid scheme, the eﬀective layer
interface lays one-half of vertical grid size above the
deﬁned layer interface. We have deﬁned the
free surface collocated with grid nodes where particle displacement is computed (ﬁgure 1b). If the
stress imaging technique (Levander 1988; Graves
1996) is used as the free surface boundary condition then the eﬀective thickness (ETH) of the
ﬁrst soil layer is lesser by one half of vertical
grid spacing than the assigned thickness (ATH).
This thickness discrepancy (ATH-ETH) of the
ﬁrst soil layer will cause considerable error in
the computed F0 of the soil layer if stress imaging technique is used as a free surface boundary condition. To avoid this thickness discrepancy
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Table 1. A comparison of fundamental frequency computed analytically using assigned thickness (F0AT H = VS /4 ATH)
and obtained numerically (F0F D ) for diﬀerent thicknesses of soil layer and VGR factor as well as the % error =
[(F0AT H − F0F D )/FOAT H ] × 100. Further, a comparison of F0F D with the fundamental frequency obtained using eﬀective
thickness F0ET H (note ETH in all the cases is less than ATH by half of vertical grid size (3 m) divided by the VGR factor).
VGR factor = ∞
ATH of
soil (m)
9
15
33
63

VGR factor = 4

VGR factor = 2

VGR factor = 1

F0ATH
(Hz)

F0ETH
(Hz)

F0FD
(Hz)

%
error

F0ETH
(Hz)

F0FD
(Hz)

%
error

F0ETH
(Hz)

F0FD
(Hz)

%
error

F0ETH
(Hz)

F0FD
(Hz)

%
error

8.88
5.33
2.42
1.26

8.88
5.33
2.42
1.26

8.88
5.31
2.42
1.26

0.00
0.37
0.00
0.00

9.27
5.47
2.45
1.27

9.37
5.50
2.46
1.27

5.41
3.13
1.48
0.01

9.69
5.61
2.48
1.28

9.85
5.68
2.48
1.28

10.8
6.50
2.30
0.80

10.66
5.92
2.53
1.30

10.72
5.91
2.53
1.29

20.6
10.8
4.40
1.59

Figure 4. A comparison of variation of fundamental frequency and higher modes of resonance frequency of soil layer with
its thickness and the used VGR factor during the implementation of the VGR-stress imaging technique as free surface
boundary condition.

of the ﬁrst soil layer, VGR-stress imaging technique developed by Narayan and Kumar (2008) is
used.
In order to show the performance of VGR-stress
imaging technique F0 of a soil layer taking different thicknesses and the vertical grid-size reduction factor (VGR factor) was computed (table 1).
The S-wave velocities and densities were taken as
3
320.0 m/s and 1.775 g/cm for soil and 1800.0 m/s
3
and 2.5 g/cm for half-space. Ricker wavelet with
4.5 Hz dominant frequency was used as source excitation function. Figure 4 shows variation of F0 of
soil with thickness and the VGR factor used. In
ﬁgure 4(a), the variation of F0 with VGR factor is
very large since thickness of soil layer is only 9 m
(3 vertical grids only) and ATH-ETH is 1.5 m. As
the thickness of soil layer increases the variation of
F0 with VGR factor decreases. Table 1 depicts the
F0 of soil layer based on both the ATH and ETH
of soil layer corresponding to the diﬀerent VGR

factors. A comparison of the computed F0ATH with
the numerically obtained F0FD and the % error is
also given in table 1. There is a good matching
of computed F0ETH and F0FD corresponding to different VGR factors. On the other hand, % error
between the F0ATH and F0FD increases with both
the decrease of VGR factor and the soil thickness. It means if VGR factor is inﬁnite, then ETH
is equal to ATH and there will be no error in
computed F0FD .
3. Fundamental frequency of
layered medium
In the past, several empirical relations have been
developed to predict the fundamental period of
the layered soil (Dobry 1976). Some of the empirical relations for the computation of fundamental
period of soil layers are given below, which are
based on
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Table 2. A comparison of fundamental frequencies obtained using empirical relations (equations 10–13) and FD method
(F0F D ) for a two layer soil deposit with increasing velocity (IV1-IV4) (note: fundamental frequency F01 , F02 , F03 and F04
have been obtained using equations (10–13), respectively).

Model

Soil
layer

VS
(m/s)

Density
(g/cm3 )

Thickness
(m)

Fundamental frequency (Hz) and % error in terms of F0FD
F0FD

F01 (% error)

F02 (% error)

F03 (% error)

F04 (% error)

IV1

First
Second

224
640

1.725
2.000

15
39

2.65

2.42 (8.68)

2.61 (1.51)

1.95 (26.42)

2.84 (7.17)

IV2

First
Second

224
448

1.725
1.900

15
27

2.46

2.19 (10.97)

2.30 (6.50)

1.96 (20.33)

2.51 (2.03)

IV3

First
Second

224
352

1.725
1.800

15
21

2.28

2.07 (9.21)

2.12 (7.01)

1.97 (13.59)

2.33 (2.19)

IV4

First
Second

224
256

1.725
1.750

15
15

2.09

2.0 (4.30)

2.0 (4.30)

1.99 (4.78)

2.21 (5.74)

(a) Weighted average of S-wave velocity (T1 )

T4 =

i=n
( i=1 Vi Hi )
V̄ =
H
and
T1 =

4H
.
V̄

(10)

(b) Weighted average of shear modulus and
density (T2 )
i=n
( i=1 μi Hi )
,
μ̄ =
H
i=n
( i=1 ρi Hi )
ρ̄ =
H
and
4H
T2 =  .
μ̄/ρ̄

(11)

(c) Sum of natural period of each layer (T3 )
T3 =

i=n

4Hi
i=1

Vi

.

(12)

(d) Linear approximation of the fundamental
modal shape (T4 )

ω2 =

(3

i=n
i=1

and
2π
.
ω

(13)

In the following subsections, F0 of layered soil
deposits were computed using VGR-stress imaging
technique (VGR factor → ∞) as the free surface
boundary condition to avoid any error in the
computed F0 .
3.1 Two soil layers
One dimensional response of four two-layered
models (IV1-IV4) in which S-wave velocity in
underlying soil layer is more than that of overlying layer (table 2) was computed. S-wave velocity
in the ﬁrst layer is constant but it is diﬀerent
in second layer. The time domain response of
models was computed using a source at a depth
of 6.15 km, vertically below the receiver point
(ﬁgure 5a). Amplitude is largest in the case of IV1
but longest duration is in the case of IV4 model.
Figure 5(b and c) shows the spectral amplitude
and the F0 along with higher modes, respectively. A comparison of empirically and numerically obtained F0 is given in table 2 and there is
no good correlation. Similarly, ﬁgure 6(a) shows
the time domain response of two-layered models in
which velocity is decreasing with depth (table 3).
The amplitude spectra and the F0 corresponding to
models DV1-DV4 are given in ﬁgure 6(b and c).
Table 3 reveals that there is no good correlation between the numerically and empirically
obtained F0 .
3.2 Three soil layers

Vi2 Hi )

H3

Fundamental frequency of three-layered soil models
was also computed. The thickness, density and the
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Figure 5. (a) Seismic response (displacement time history) of two-layer models with increasing velocity with depth
(note: the values shown are peak displacement); 5(b and c)
spectral amplitudes and the spectral ampliﬁcation factors,
respectively.

S-wave velocity of all the three layers were the
same except their relative position with respect to
depth was changed in diﬀerent models (table 4).
Figure 7(a) shows the time domain response of
TL1–TL4 models. The amplitude spectra and F0
corresponding to models TL1–TL4 are given in
ﬁgure 7(b and c). A comparison of empirically and
numerically obtained F0 , given in table 4, reveals
that there is again no good correlation. Finally, we
conclude that none of the empirical relations are
eﬃcient enough to predict the exact value of F0
of the layered soil deposit, even when layers were
horizontal.

4. Eﬀects of SLD/basin-edge on ground
motion characteristics
4.1 SLD and basin-edge models
Seismic responses of SLD and basin-edge models
were computed to study the eﬀects of impedance
contrast on the characteristics of induced Love

737

Figure 6. (a) Seismic response (displacement time history)
of two-layer models with decreasing velocity with depth
(note: the values shown are peak displacement); (b and c)
spectral amplitudes and the spectral ampliﬁcation factors,
respectively.

waves and associated diﬀerential ground motion
and aggravation factor. Figure 8 shows the
north-south cross section of vertically exaggerated SLD and basin-edge models. We have proposed two names for the basin-models since
wave propagation phenomena responsible for the
Love wave generation in SLD (edge-slope 90◦ ) is
somewhat diﬀerent to that in basin-edge model,
where edge-slope may be any value between 0◦
and 90◦ . The positive X-coordinate was pointing
towards north and positive Z-coordinate was pointing downwards. Eight diﬀerent types of soils were
considered in the SLD and basin-edge models to
study the eﬀects of impedance contrast on the
induced Love waves. The fundamental frequency of
all the considered soils was maintained almost constant. This consistency was essential to compare
the eﬀects of impedance contrast on the amplitude of induced surface waves since lower cut-oﬀ
frequency for the induced surface waves is equal
to the F0 (Bard and Bouchon 1980; Moczo and
Bard 1993; Narayan 2003; 2005). S-wave velocity,
density, soil thickness and quality factor for the
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Table 3. A comparison of fundamental frequencies obtained using empirical relations (equations 10–13) and FD method
(F0F D ) for a two layer soil deposit with decreasing velocity (DV1–DV4) (note: fundamental frequency F01 , F02 , F03 and
F04 have been obtained using equations (10–13), respectively).

Model

Soil
layer

VS
(m/s)

Density
(g/cm3 )

Thickness
(m)

Fundamental frequency (Hz) and % error in terms of F0FD
F0FD

F01 (% error)

F02 (% error)

F03 (% error)

F04 (% error)

DV1

First
Second

640
224

2.000
1.725

39
15

1.22

2.42 (98.36)

2.61 (113.93)

1.95 (59.83)

2.84 (132.78)

DV2

First
Second

640
256

2.000
1.750

39
15

1.37

2.47 (80.29)

2.63 (91.97)

2.09 (52.55)

2.86 (108.75)

DV3

First
Second

640
352

2.000
1.800

39
21

1.59

2.25 (41.51)

2.34 (47.16)

2.07 (30.18)

2.55 (60.37)

DV4

First
Second

640
544

2.000
1.950

39
33

1.91

2.07 (8.37)

2.07 (8.37)

2.06 (7.85)

2.28 (19.37)

Table 4. A comparison of fundamental frequencies obtained using empirical relations (equations 10–13) and FD method
(F0F D ) for a three layer soil deposit with diﬀerent velocity in the diﬀerent layers (TL1–TL4) (note: fundamental frequency
F01 , F02 , F03 and F04 have been obtained using equations (10–13), respectively).

Model

Soil
layer

VS
(m/s)

Density
(g/cm3 )

Thickness
(m)

Fundamental frequency (Hz) and % error in terms of F0FD
F0FD

F01 (% error)

F02 (% error)

F03 (% error)

F04 (% error)

TL1

First
Second
Third

256
352
640

1750
1800
2000

15
21
39

1.80

1.60 (11.11)

1.73 (3.88)

1.40 (22.22)

1.88 (4.44)

TL2

First
Second
Third

640
352
256

2000
1800
1750

39
21
15

1.00

1.60 (60.0)

1.73 (73.0)

1.40 (40.0)

1.88 (88.0)

TL3

First
Second
Third

256
640
352

1750
2000
1800

15
39
21

1.32

1.60 (21.21)

1.73 (31.06)

1.40 (6.06)

1.88 (42.42)

TL4

First
Second
Third

352
256
640

1800
1750
2000

21
15
39

1.59

1.60 (0.62)

1.73 (8.80)

1.40 (11.94)

1.88 (18.23)

diﬀerent type of considered soils are given in
table 5. S-wave velocity, density and quality factor
for the basement were taken as 1800 m/s, 2.5 g/cc
and 180, respectively. Thirty six equidistant (30 m
apart) receivers were placed starting from 30 m
south to 1020 m north of SLD/basin-edge. The horizontal dimension of grid from left edge to 4.8 km
inside was 15 m, 3 m up to 7.2 km and 15 m thereafter. The vertical dimension of grid was 3 m up to
a depth of 150 m and 15 m thereafter.
4.2 Seismic response
Seismic response of SLD and basin-edge models
was computed using a point source at a focal depth
of 6.15 km. The source was kept just below the
SLD in ﬁgure 8(a) and in ﬁgure 8(b) it was kept
below the point corresponding to the junction of
horizontal and slant part of the base of the basin.
1D Seismic response of soils was also computed for

the computation of aggravation factor. Figure 9(a)
shows the response of SLD model (left) with soil
‘A’ and diﬀerential ground motion (right) (differential ground motion is simply the diﬀerence
of ground displacements at two adjacent receiver
points divided by the distance between them (30 m
in this case)). Seismic response depicts SH-waves
and multiples with large apparent velocity and
an extra seismic phase with very low apparent
velocity. In order to conclude that the extra seismic phase is SLD-induced Love wave diﬀerential ground motion was computed. Diﬀerential
ground motion shown in right part of ﬁgure 9(a)
reveals only Love waves because vertically traveling
SH-waves and their multiples have been more or
less eliminated. A systematic increase of arrival
time of Love wave with oﬀset from the SLD also
depicts that the Love wave generation took place
near the SLD. The maximum ground displacement
(MGD) and maximum strain at diﬀerent locations
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Figure 8. (a and b) Vertically exaggerated SLD and
basin-edge models, respectively.

Figure 7. Seismic response (displacement time history) of
three layer models (note: the values shown are peak displacement); (b and c) spectral amplitudes and the spectral
ampliﬁcation factors, respectively.

are also shown in the upper part of ﬁgure 9(a).
MGD and maximum strain were computed after
the normalization of each trace with the maximum
amplitude in the trace near the SLD and located
on the hard rock. It means these values are for
unit amplitude at the bedrock. The largest value of
MGD was 2.49 m at an oﬀset of 60 m from the SLD.
The maximum strain of the order of 7.04 × 10−2
occurred at an oﬀset of 15 m from SLD. MGD is
highly variable near the SLD but after some distance, it is almost constant. There is on an average decrease of strain with oﬀset from SLD except
minor ups and downs near the edge. The maximum
strain has reduced by around 2.49 times at an oﬀset of 1005 m, as compared to the maximum strain
at an oﬀset of 15 m. The faster rate of decrease of
strain level with oﬀset may be attributed to the
dispersive nature of Love wave as well as the low
quality factor of soil.
Figure 9(b) shows the response of basin-edge
model with soil ‘A’. Basin-edge model has also
induced Love waves. The largest values of MGD
(2.59) and strain (6.1 × 10−2 ) occurred at an oﬀset
of 90 m and 75 m, respectively. But, after an oﬀset

of 100 m, maximum strain in basin-edge model is
more than that in the SLD model. The larger
value of maximum strain in basin-edge model
reveals the increase of amplitude of Love wave with
decrease of edge-slope (Narayan 2005).
Similarly, ﬁgure 10 shows the response,
diﬀerential ground motion, MGD and maximum
strain for the SLD and basin-edge models containing soil ‘G’. The value of MGD and maximum
strain are larger in case of soil ‘G’ as compared
to soil ‘A’. It means, amplitude of induced surface
waves increases with the increase of impedance
contrast (Moczo and Bard 1993). In case of soil
‘G’, the level of strain is decreasing with a faster
rate as compared to the soil ‘A’. This may be
due to the increased dispersion of Love wave
and decreased value of quality factor in soil ‘G’.
Figure 11 shows a comparison of MGD and maximum strain obtained at diﬀerent locations in SLD
and basin-edge models for diﬀerent impedance
contrasts. Both the MGD and maximum strain
are increasing with the increase of impedance contrast. The maximum strain obtained in the case of
basin-edge model is more than that in SLD model.
This depicts increase of amplitude of induced surface waves with decrease of edge-slope. Further, as
the S-wave velocity is decreasing the spatial rate
of decrease of maximum strain is increasing due to
the increased dispersion of Love waves and lower
value of quality factors in the soils.
4.3 Snapshots
In order to explain the physics behind generation
of Love waves, snapshots of ground displacement
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Table 5. Parameters for types of soils tested in order of increasing impedance contrast.
Parameters
VS (m/s)
Density (g/cc)
Thickness (m)
Quality factor
Impedance contrast
Fundamental frequency

Soil ‘A’

Soil ‘B’

Soil ‘C’

Soil ‘D’

Soil ‘E’

640
2.00
39
64.0
3.52
4.10

544
1.95
33
54.4
4.24
4.12

448
1.90
27
44.8
5.29
4.14

416
1.85
24
41.6
5.84
4.33

352
1.80
21
35.2
7.10
4.19

Soil ‘F’

Soil ‘G’

Soil ‘H’

320
1.775
18
32.0
7.92
4.44

256
1.75
15
25.6
10.04
4.26

224
1.725
15
22.4
11.64
3.73

Figure 9. (a and b) Maximum ground displacement (left-upper), seismic response (left-lower), maximum strain for a unit
amplitude of incidence body wave (right-upper) and diﬀerential ground motion (right-lower) developed in SLD-model and
the basin-edge model ﬁlled with soil ‘A’, respectively (note: the maximum ground displacement (MGD) and maximum
strain were computed for a 1.0 m ground displacement at the bedrock level).

were computed at diﬀerent times in a rectangular region (870 × 300 m) situated 90 m south to
780 m north of the SLD/epicentre and from surface to a depth of 300 m. Snapshots were computed
corresponding to the SLD and basin-edge models considering the soil ‘F’ in the basin. In order
to visualise the generation process and propagation Love wave in a very lucid way, thickness of
soil ‘F’ was increased to 210 m (means considered

soil thickness was around three times of dominant
wavelength). Focal depth and the other parameters
were the same as above. Figure 12 shows the snapshots of ground displacement at diﬀerent times.
The snapshots clearly depict induced surface waves
and up and downward propagation of body wave
in the basin. The interference of body waves which
have diﬀracted into the basin along the SLD during
upward and downward travel of body waves in the
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Figure 10. Maximum ground displacement (left-upper), seismic response (left-lower), maximum strain for a unit amplitude of incidence body wave (right-upper) and diﬀerential ground motion (right-lower) developed in SLD-model and the
basin-edge model ﬁlled with soil ‘G’, respectively (note: the maximum ground displacement (MGD) and maximum strain
were computed for a 1.0 m ground displacement at the bedrock level).

rock has generated Love waves after a complex
interaction with the body wave multiples and the
diﬀractions from the top and bottom corner of the
basin-edge. The analysis of snapshots also depicts
that the role of diﬀracted waves from the top and
bottom corners of the SLD is almost negligible in
generation of Love waves.
Similarly, ﬁgure 13 shows the snapshots of
ground displacement at diﬀerent times corresponding to the basin-edge model. The snapshots of
ground displacement were computed in a rectangular region (1290 × 300 m) situated 510 m south
to 780 m north of the epicentre. Again, snapshots clearly depict induced surface waves. The
analysis of snapshots depicts that the transmitted
body waves along the slant part of basin (basinedge) have gotten angle of reﬂection from the top
and bottom of basin equal to the critical angle
after some reﬂections from the slant part of the
basin. Since, at each reﬂection, an angle equal to
the slope of the basin-edge is added to the angle of
reﬂection at the free surface. Once the critical angle

has been obtained by the transmitted body wave
into the basin along the slant part of basin, the
interference of reﬂections from the top and bottom
of the basin has generated Love waves.
4.4 Aggravation factor
We have computed aggravation factor for the incorporation of eﬀects of induced Love waves in seismic
microzonation. The aggravation factor accounts
the extra spectral ampliﬁcation caused in the
basin due to the edge-induced surface waves. It
means, we have to multiply the spectral amplitudes
obtained in case of 1D response of soil layer at the
surface with the aggravation factor to incorporate
the eﬀects of edge-induced surface waves. Aggravation factor at diﬀerent locations was computed
just by taking the ratio of spectra of response of
basin models to the 1D response of the same soil
column. Figure 14(a and b) illustrates the spectral aggravation factors at diﬀerent oﬀsets from the
SLD/basin-edge as well as the average aggravation
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Figure 11. A comparison of maximum ground displacement and maximum strain obtained at diﬀerent locations in SLD
and basin-edge models containing diﬀerent types of soils (note: the maximum ground displacement (MGD) and maximum
strain were computed for a 1.0 m ground displacement at the bedrock level).

factor (AAF) and maximum aggravation factor
(MAF) corresponding to the soil ‘A’. The AAF was
computed in the frequency range of 4.0–12.5 Hz
in which Love waves have considerable amplitude.
The largest values of AAF of the order of 1.49 and
1.5 were obtained at an oﬀset of 30 m and 60 m from
SLD and basin-edge, respectively. Beyond that distance, decrease of both the AAF and MAF with
oﬀset was observed. The obtained AAF in basinedge model is larger than that in SLD model.
Similarly, ﬁgure 14(c and d) shows the spectral
aggravation factors, AAF and MAF corresponding
to the soil ‘G’. The level of AAF in SLD (1.91) and
in basin-edge (2.35) with soil ‘G’ are more than
that of soil ‘A’. Analysis of ﬁgure 14 depicts that

the aggravation factor below the fundamental frequency of soil layer is almost equal to 1.0. It means
that there is no surface wave generation below the
fundamental frequency of soil in the basin. This
ﬁnding corroborates with the conclusion drawn in
the past that the lower cutoﬀ frequency in the
induced surface wave is equal to the F0 (Bard and
Bouchon 1980; Moczo and Bard 1993; Narayan
2005). The shape of spectral aggravation factor is
highly variable with oﬀset from SLD/basin-edge,
which may be due to the dispersive nature of Love
waves.
A comparison of obtained AAF and MAF at different locations in the SLD and basin-edge models
for diﬀerent types of soils considered is shown
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Figure 12. Snapshots computed in a rectangular region (870 × 300 m) at diﬀerent times during the simulation of response
of SLD model.

in ﬁgure 15. There is increase of AAF with the
decrease of velocity in soil up to the soil ‘F’, but
thereafter a minor decrease of AAF was observed.
This decrease of AAF with decrease of S-wave
velocity in soils ‘G’ and ‘H’ may be due to the
much lower value of the quality factor. On the other
hand, there is continuous increase of MAF with the
decrease of S-wave velocity in the soil. Both the
AAF and MAF are larger in the basin-edge model
as compared to the SLD model. On the basis of
analysis of decreasing trend of AAF and MAF with
oﬀset from the basin-edge/SLD, we can conclude

that the eﬀects of induced surface waves will reduce
to a negligible value when the distance travelled
by the wave in basin is of the range of 6.5–10.0 λF
(where λF is the wavelength corresponding to the
fundamental frequency of soil layer). Mentioning
the distance in terms of λF seems reasonable since
it is the largest wavelength present in the induced
surface waves and will travel the longest distance.
Further, the distance up to which edge induced
Love waves will aﬀect the AAF and MAF is a function of quality factor in the soil. For example, this
distance is of the order of 9.5 times of λF in case
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Figure 13. Snapshots computed in a rectangular region (1290 × 300 m) at diﬀerent times during the simulation of response
of basin-edge model.

of soil ‘E’ whereas it is of the order of only 6.5 in
the case of soil ‘H’.
4.5 Spatial variability (strain) caused
by induced Love waves
The simulated results revealed that the horizontally travelling induced surface waves develop very
large spatial variability in the ground motion,

which may aﬀect the lifelines. To ﬁnd out whether
this variability caused by high frequency induced
Love waves will also aﬀect the short span structures, we have computed the diﬀerential ground
motion taking spans as 30, 24, 18, 12 and 6 m.
Figure 16 shows the maximum strain developed at
diﬀerent locations for diﬀerent spans for a 1.0 m
ground displacement at the bedrock level. It is very
much clear that the level of maximum strain is
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Figure 14. Average aggravation factor, maximum aggravation factor, and spectral aggravation factors obtained in
SLD-model and the Basin-edge model ﬁlled with soils ‘A’ and ‘G’, at diﬀerent distances.

increasing with the increase of impedance contrast
but at the same time spatial extent up to which
it will aﬀect the structures is decreasing with the
increase of impedance contrast. Level of maximum
strain is increasing with the decreases of span.
This ﬁnding reﬂects that the strain developed
by the induced surface waves may aﬀect structures
whose spatial extent is smaller or comparable to
the fundamental wavelength (λF ). Because λF is
the largest wavelength present in the induced surface wave. Further, the maximum strain in the case
of edge-induced surface waves was larger than that
in the case of SLD-induced surface waves. This
may be due to the basin-edge slope eﬀect (Narayan
2005). We can incorporate the increased spectral
ampliﬁcation due to the induced surface waves in
the form of aggravation factor, but till date we
have no eﬀective way to incorporate the eﬀects of
developed strain by induced surface waves in seismic microzonation or building codes. Finally, we
can say that a site-speciﬁc approach for prediction of strain level based on seismic wave propagation and development of appropriate structural

design criterion is a 21st century challenge to
earthquake engineers.
5. Discussion and conclusions
A (2, 4) SH-wave staggered grid FD algorithm
developed by Narayan and Kumar (2008) is used
for the computation of response of considered
models. The staggered grid FD scheme with stress
imaging technique (Levander 1988; Graves 1996)
as free surface boundary condition suﬀers with the
soil thickness discrepancy, which causes error in
the computed fundamental frequency of the soil
deposit. In order to avoid the same, VGR-stress
imaging technique developed by Narayan and
Kumar (2008) was used. The prediction of fundamental frequency of soil deposit in basin is very
important for seismic microzonation and to avoid
the double resonance. A comparison of numerically and empirically obtained F0 for the layered
soil deposit revealed that the available empirical
relations (Dobry et al 1976) are inadequate to
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Figure 15. A comparison of average aggravation factor and maximum aggravation factor obtained at diﬀerent locations in
SLD and basin-edge models containing diﬀerent types of soils.

predict the same. Therefore, it is recommended to
use analytical or numerical methods for 1D basin
and only numerical methods for 2D/3D basins
for the computation of F0 based on the wave
propagation eﬀects.
The simulated results revealed that both the
SLD and basin-edge induce Love waves. The analysis of snapshots revealed that the interference of
diﬀracted body waves along the SLD during the
upward and downward travel of body waves in
the rock with the body wave multiples and the
diﬀractions from the top and bottom corner of
the SLD may be the cause of generation of Love
waves. On the other hand, forced bending of body

waves along the basin-edge and interference of
reﬂections from the top and bottom of basin, after
reaching the critical angle, is responsible for the
generation of Love waves in basin-edge model. The
obtained maximum ground displacement, AAF
and the strain level near the edge of basins supports
the reported severe damage near the SLD/basin
edge during past earthquakes (Graves et al 1998;
Pitarka et al 1998). An increase of AAF and maximum strain with impedance contrast was observed.
AAF and strain level was higher in the basinedge model than in the SLD. This corroborates
with the conclusion drawn that the amplitude
of edge-induced surface waves increases with the
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Figure 16. A comparison of variation of maximum strain developed by induced Love waves for diﬀerent spans (30, 24, 18,
12 and 6 m) at diﬀerent locations in the SLD (left) and basin-edge (right) models containing soils ‘A’, ‘D’ and ‘G’ (note:
the maximum strain was computed for a 1.0 m ground displacement at the bedrock level).

decrease of edge-slope (Narayan 2005). Based on
the trend of rate of decrease of AAF and the maximum strain with oﬀset from the basin-edge, we
can qualitatively infer that the eﬀects of induced
Love wave may reduce to a negligible value after
a traveled distance of 6.5–10.0 λF (where λF is the
wavelength corresponding to the F0 of soil layer).
The fast rate of decrease of strain with the oﬀset
from the SLD/basin-edge may be attributed to the
dispersive nature of Love waves.
It is generally accepted that the surface waves
aﬀect only the large span structures. This happens since focal depth of most of the earthquakes is
below 10 km and only low frequency surface waves
are generated. But, in the case of basin-induced
surface waves frequency content is dependent on
the fundamental frequency of soil in the basin. So,
depending on the fundamental frequency, we may
get low or high frequency induced surface waves.
The analysis of the computed strain for diﬀerent spans reﬂects that the small span structures
may suﬀer more damage in a basin ﬁlled with very
soft soil. We can incorporate the increased spectral
ampliﬁcation due to the induced surface waves in
the form of aggravation factor but till date we have

no eﬀective way to incorporate the eﬀects of developed strain by induced surface waves in seismic
microzonation or in building codes.
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