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In this paper, the computation of seismic responses of complex ridge topography is documented that can
provide a reliable scenario of ridge ampliBcation. This research work is inspired by the topography of the
great Himalaya, wherein the increase of height from the south to north is in form of ups (anticlines) and
downs (synclines). The viscoelastic SH- and SV-wave responses of triangular and elliptical complex ridge
topography models are simulated using fourth-order Bnite-difference method. The complexity in the
model is augmented by adding more number of sub-ridges and sub-valleys along the Canks of the reference
mega-ridge. An increase in ridge ampliBcation is obtained with an increase of complexity in both the
triangular and elliptical ridge models for both the polarization of S-wave. The increase of ampliBcation
with complexity is drastically very high for the horizontal components of the SV-wave in the case of
triangular ridges. It is concluded that the horizontal ground motion simulated at the crest of ridge very
much depends on the shape and complexity of the topography as well as the polarization of the incident
S-wave. It is concluded that the computed topography eAects using the spectral ratio of earthquake
records at the top and near its base generally overpredicts spectral ampliBcations and may not be reliable.
Keywords. Complex ridge topography eAects; shape and shape-ratio; Bnite difference method.

1. Introduction
The rapid increase of population, number of tourist
destinations and Cow of funds by the government
of India for the development of life-line structures
like dams and bridges in the hilly regions (Himalayas) in the last few decades call for the accurate prediction of eAects of combined and complex
ridge and valley topography on the ground motion.
Topography eAects on the ground motion characteristics imply changes in total duration of shaking,
amplitude and frequency of ground motion in

comparison to those in the plane ground condition.
It happens during earthquakes due to various
phenomena like focusing, de-focusing, diAraction,
scattering and mode conversion of seismic waves
by the irregular complex topography. The topography eAects have been observed during the
Lambesc earthquake (1909) in France, the Friuli
earthquake (1976) in Italy and the Irpina earthquake in Italy (1980), the Egion earthquake (1995)
in Greece and the Athens earthquake (1999) in
Greece, which resulted in severe damages to
buildings sited on the hills (Paolucci 2002).
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Similarly, the reported damage patterns to the
structures during the Chile earthquake 1985
(Cßelebi 1987), the Whitter Narrows earthquake
1987 (Kawase and Aki 1990), the Superstition hill
earthquake 1987 (Celebi 1991), the Chamoli-India
earthquake 1999 (Narayan and Rai 2001), the
L’Aquila earthquake in Italy 2009 (Celebi et al.
2010) and the Haiti earthquake 2010 (Hough et al.
2011) also revealed the role of ridge/hill in damage
during earthquakes.
Past records in hill region have shown a
bizarre high peak ground accelerations (PGAs)
at the top of a ridge-topography. For example,
the unexpected very large PGA (1.25 g) recorded at the crest of a sharp triangular ridge very
near the Pacoima Dam during the San Fernando
1971 earthquake of magnitude 6.4 (Trifunac and
Hudson 1971) and at the Tarzana hill site (1.8 g)
during the 1994 Northridge earthquake (Shakal
et al. 1994; Spudich et al. 1996; Bouchon and
Barker 1996). Although, numerical simulations
conBrmed that unusual recorded PGAs were
caused by the topography ampliBcation, numerically predicted PGAs were lesser than the
recorded one (Spudich et al. 1996). Hartzell
et al. (1994) studied the aftershock records of
the 1989 Loma Prieta earthquake on the
Robinwood Ridge, California, and presented a
topographic ampliBcation of the order of 1.5–4.5
in the frequency range 1.0–3.0 Hz. Spudich et al.
(1996) conducted a similar study using aftershocks of the 1994 Northridge earthquake
recorded at the Tarzana site, California and
reported an ampliBcation of 4.5 at frequency 3.2
Hz. Lovati et al. (2011) analyzed the records
related with the 2009 L’Aquila earthquake
sequence on the Narni ridge (Italy) and reported
topographic ampliBcation up to 4.5 in the frequency range 3.0–4.5 Hz. In contrast to above,
the topographic spectral ampliBcations exceeding
10 have also been reported in the past based on
the spectral ratio of earthquake records on crest
and base of the hills (Geli et al. 1988; Pedersen
et al. 1994).
A large number of researchers have studied the
eAects of topography on ground motion characteristcs using numerical and analytical methods
(Davis and West 1973; GrifBths and Bollinger
1979; Geli et al. 1988; Bouchon and Barker 1996;
Lee et al. 2009; Assimaki and Jeong 2013). These
studies have revealed that the factors like type of
incident waves, wavelength, angle of incidence,
slope angles and soil stratigraphy inCuence the
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topography ampliBcation (Rogers et al. 1974;
Tucker et al. 1984; Assimaki and Gazetas 2004;
Meunier et al. 2008; Tripe et al. 2013). Maufroy
et al. (2015) performed numerical analysis using a
realistic 3D model of a terrain (Lee et al. 2009).
The recent numerical studies have revealed that
hills and valleys not only aAect the characteristics
of body waves, but also inCuence the characteristics of surface waves (Ma et al. 2007). Pischiutta
et al. (2010) have studied the topography eAects
on the hill of Nocera Umbra, Italy, using 2D Bnite
difference method for SH-wave and P-SV wave
with Gabor wavelet as a source time function.
They concluded that theoretical models produce
the fundamental resonant frequency, but underestimate amplitude ampliBcation as compared to
that obtained using recorded earthquake data. So,
the complexity of the reality such as sub-surface
layering, neighbouring topography and geological
irregularities is needed to be considered instead of
the simpliBed topography models. Narayan et al.
(2018) simulated the Rayleigh wave responses of a
series of ridges and valleys lying in the path and
reported that topography acts as an insulator for
the surface waves. They also reported that the
very large ampliBcation of the horizontal component of Rayleigh wave at the top of triangular
ridge top may cause intensive landslides during
shallow earthquake. Jahromi and Karkhaneh
(2019) have performed numerical Bnite element
studies to a number of hill models using ABAQUS
for vertically propagating SV-wave. Currently,
Zhou et al. (2020) stated that the numerically
obtained amplitude ampliBcation due to pure
topography is lesser than that computed using
earthquake records along the Canks. They also
concluded that the other factors such as the local
geological structure, propagation direction, path,
and Bne topographic resolution may double the
ampliBcation in the 0–13 Hz frequency band.
Moreover, Luo et al. (2020) presented an analysis
of topographic and geologic site ampliBcation
eAects observed in the Qiaozhuang region,
Sichuan Province, China. They performed 2D and
3D dynamic numerical simulations and reported
ampliBcation factor \ 3 in the case of models
containing only topography. On the other hand,
the models in which both the topographic variation and four sediment layers were considered, the
obtained ampliBcation factor was of the order of
5–6, which match with that obtained using the
earthquake records. Luo et al. (2020) concluded
that the combined topographic and sedimentary

Page 3 of 20 36

J. Earth Syst. Sci. (2021)130:36
ampliBcation eAect on the slope surface is more
significant than the sole sedimentary ampliBcation
eAects on the slope.
The comprehensive literature review on the
eAects of surface topography on the responses of
ground motion reveals that in most of the past
studies, the SH-, SV- and P-waves responses of
single ridge or single valley with various shapes
like triangular, semi-elliptical, semi-circular,
semi-sine, trapezoidal, etc., with different shaperatios and weathering thickness were simulated
using various numerical methods (Boore 1972;
Bouchon 1973; Geli et al. 1988; Gaffet and
Bouchon 1989; S
anchez-Sesma and Campillo
1991; Pedersen et al. 1994; Pitarka and Irikura
1996; Narayan 2003; Narayan and Rao 2003;
Assimaki et al. 2005; Kamalian et al. 2006;
Narayan and Kumar 2015). The shape-ratio of a
ridge is usually taken as the ratio of height to the
half-breadth of the base. Further, the numerically reported hill ampliBcation based on the
responses of single ridge rarely exceeded 3.0 in
the frequency band of earthquake engineering
interest (Boore 1972; Geli et al. 1988; S
anchezSesma and Campillo 1991; Narayan and Rao
2003; Assimaki et al. 2005; Kamalian et al. 2006;
Narayan and Kumar 2015).
In contest to Bnd out the reasonable explanation to an interesting question ‘why numerical
simulations always predict lesser ridge-ampliBcation as compared to that obtained using earthquake records’ and to infer the polarization
dependent ridge-ampliBcation, the SH- and SVwave responses of a single mega-ridge as well as
the responses of same mega-ridge with increased
number of sub-ridges and sub-valleys along its
Canks (a complex ridge-topography model) were
simulated and analyzed. The complexity in the
topography model was increased by increasing
the number of sub-ridges and sub-valleys along
the Canks of the mega-ridge. Further, responses
of complex triangular and elliptical ridge-topography models were simulated to infer the role of
shape of complex topography in the ridge-ampliBcation. To simulate the responses of the various
considered complex topography models, fourthorder accurate SH- and P-SV wave viscoelastic
Bnite-difference (FD) programs developed by
Narayan and Kumar (2013, 2014) were used. The
free Beld response of the homogeneous half-space
model was also simulated to quantify the complex topography eAects on the ground motion
characteristics.

2. Topography models, parameters
and source-receiver conBguration
2.1 Topography models
The surface topography of the great Himalaya from
Ganga basin to the top of Himalaya depicts that
the height of Himalaya from south to north is not
increasing with a particular average slope, but is
increasing in the form of ups (anticlinal structure)
and downs (synclinal structure). Further, a particular anticline/syncline contains many mini/micro valleys/ridges. So, in order to fulBll the aim of
this paper as well as to incorporate the realistic
topography in the numerical grid along a particular
direction, a mega-ridge model consisting of many
sub-ridges and sub-valleys is considered. Further,
in order to infer how ampliBcation and de-ampliBcation for sub-ridge and sub-valley, respectively,
is aAected with complexity of the topography; the
complexity in the topography model is increased by
increasing the number of sub-ridges and sub-valleys along the Canks of the reference mega-ridge
topography. Four ridge topography models for
each, triangular and elliptical shapes are considered as shown in Bgure 1. These triangular topography models are TR1, TR3, TR5 and TR7, which
have one, three, Bve and seven triangular sub-ridges, respectively (table 1). Similarly, elliptical
models namely ER1, ER3, ER5 and ER7 have one,
three, Bve and seven elliptical sub-ridges, respectively. Table 1 gives the details of number of subridges and sub-valleys in the considered triangular
and elliptical complex ridge-topography models.
The height and width of reference mega ridge
topography are taken as 1000 and 2000 m,
respectively (Bgure 1a). Even though, the dimensions of the considered sub-ridges and sub-valleys
are hypothetical, there are various such mega-ridges with sub-ridges and sub-valleys with similar
slopes and dimension in the Himalayan range. For
example, Surana et al. (2018) reported slope of
the order of 45° and similar dimension of hills in
the Mussoori region, Uttarakhand, located in the
Indian Himalayas. They also reported more than
20% dwelling at high hill slopes ([ 45° in the
Mussoori region. The models are simulated using
Gabor wavelet as source time function (Note: in
case of Gabor wavelet, the spectral amplitude of all
the frequency less than the dominant frequency is
more or less equal). In order to observe the considerable topography eAects in the time-domain
responses as well as stable spectral ratio for
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Figure 1. Sketches of the considered triangular and elliptical complex ridge topography models.

computation of ampliBcation in the frequency
domain, the shear wave velocity and dominant
frequency in the Gabor wavelet are taken as 1500
m/s and 5.0 Hz, respectively, so that the wavelength of the S-wave with considerable amplitude is
comparable to the width of bases of solo-mega ridge
as well as sub-ridges of the complex topography
models. For example, in the case of TR7/ER7

complex topography models with seven sub-ridges,
the width of a sub-ridge is of the order of 300 m,
which is comparable with the wavelength of
the dominant frequency in the Gabor wavelet. In
all the other complex ridge models, the width of
sub-ridges of mega-ridge are more than 300 m.
Table 2 gives the wedge angles of the sub-ridges
and sub-valleys and corresponding receiver points
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along the Canks of the complex triangular ridge
models. The range of wedge angles at the top of
triangular sub-ridges is 0.35–0.5p. In all the
TR1–TR7 models, the wedge angle at the central
ridge is taken as 0.5p in the considered ridge
models. Similarly, the range of wedge angle at the
base of triangular sub-valleys is 1.37–1.72p. Further, the dimension and the eAective wedge angles
of the elliptical sub-ridges and valleys are same as
that of triangular sub-ridges and sub-valleys in the
respective model (Bgure 1).
2.2 Salient features of FD programs
and model parameters
A frequency-dependent damping developed by
Emmerich and Korn (1987) is incorporated in the
FD simulations based on the GMB-EK rheological
model. The input parameters for the SH- and SVwaves viscoelastic FD programs are unrelaxed
moduli, instead of a relaxed one (Narayan and
Kumar 2013, 2014). Further, material independent
anelastic functions are used so that air can be
incorporated in the model (Kristek and Mozco
2003). The required rheological input parameters
like S-wave and P-wave velocities, quality factors
Table 1. Considered
topography models.

and

elliptical

complex

Description

No. of
ridges

No. of
valleys

Single triangular ridge
Three triangular ridges
Five triangular ridges
Seven triangular ridges
Single elliptical ridge
Three elliptical ridges
Five elliptical ridges
Seven elliptical ridges

1
3
5
7
1
3
5
7

0
2
4
6
0
2
4
6

Models
TR1
TR3
TR5
TR7
ER1
ER3
ER5
ER7

triangular

at a reference frequency (1.0 Hz) and density as
well as computed unrelaxed moduli for the homogeneous rock mass and air, using GMB-EK rheological model, are given in table 3. The details of
computation of the unrelaxed moduli and anelastic
coefBcients are given in Narayan and Kumar
(2013, 2014). The horizontal free surface is deBned
at a depth of 1100 m in the numerical grid. The
numerical model is discretised with uniform grid
size of 4 m in the horizontal direction and a variable grid size is taken in the vertical direction as
4 m up to depth of 1500 m and thereafter 10 m. An
improved vacuum formulation is used as free surface boundary condition, which is anticipated by
Zeng et al. (2012) (Narayan et al. 2018). To avoid
edge reCections, the sponge absorbing boundary
condition is implemented (Israeli and Orszag
1981). In order to record the SH- and SV-wave
responses, 51 receivers (R1–R51) are placed along
the ridge Canks, as shown in Bgure 1.
2.3 Source implementation
A plane horizontal SH-wave and SV-wave front is
generated in the respective FD program at a depth
of 550 m from the free surface using number of
point sources along a horizontal line. A particular
point source was generated using shear stress rzy
and rxz in the form of Gabor wavelet in the SHwave and P-SV wave FD programs, respectively.
The algebraic equation of the Gabor wavelet is
given as:
ð1Þ
SðtÞ ¼ ExpðaÞ cosðxpðt  ts Þ þ uÞ;

2
xpðtts Þ
; xp is the predominant frewhere a ¼
c
quency (2pfp), ts controls the duration, c controls
the oscillatory character, and / is phase shift.
The Gabor wavelet used in this study has dominant frequency fp = 5 Hz, time step ts = 0.0016 s,

Table 2. The wedge angles of sub-ridges and sub-valley of the triangular topography models and corresponding receiver number.
TR
models
TR1
TR3
TR5
TR7

Ridge
(C)
p/2
(at
p/2
(at
p/2
(at
p/2
(at

Valley
(T)

Ridge
(C)

Valley
(T)

Ridge
(C)

Valley
(T)

Ridge
(C)

–

–

–

–

–

–

29p/20
(at R16)
247p/180
(at R21)
259p/180
(at R21)

143p/360
(at R11)
227p/450
(at R16)
77p/180
(at R18)

–

–

–

–

29p/18
(at R11)
143p/90
(at R15)

317p/900
(at R6)
7p/18
(at R11)

–

–

31p/18
(at R8)

167p/450
(at R5)

R26)
R26)
R26)
R26)
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Table 3. Rheological parameters for the considered homogeneous viscoelastic rock model.

Material
Air
Rock

Unrelaxed moduli (GPa)

Density
(kg/m3)

VS
(m/s)

VP
(m/s)

Qs

Qp

lu

Ku

ku

20
2000

0
1500

331
2600

?
150

32
260

0.000
4.588

0.0023
13.67

0.0023
4.495

Figure 2. SH-wave responses (a), horizontal and vertical components of SV-wave responses (b and c), respectively, of the
triangular TR1, TR3, TR5 and TR7 topography models.

c = 1.5 and / = 0. The frequency content in the
Gabor wavelet is 0–15.0 Hz.
3. Seismic responses of triangular ridge
models
3.1 Responses of TR1 triangular ridge model
The SH-wave response of the TR1 mega-ridge
model at 51-receiver points is shown in Bgure 2(a).

Similarly, the horizontal and vertical components
of SV-wave response of the TR1 ridge model are
shown in Bgure 2(b and c), respectively. The
analysis of Bgure 2(a) for TR1 model shows
ampliBcation of the SH-wave at the crest of ridge as
compared to the homogenous half-space response
due to the focusing of the incident SH-wave. The
incident SH-wave, the reCected SH-wave from the
Canks and the diAracted SH-wave from the basecorners can be seen in a sequential order very
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clearly. The amplitude of diAracted SH-wave is
much less than the reCected SH-wave from the
Canks of the TR1 model. In contrast to this,
Bgure 2(b) for TR1 model depicts de-ampliBcation
of the horizontal component of the incident SVwave at the crest of the TR1 ridge due to
destructive interference with the reCected SV- and
mode converted P-waves. However, large amplitude can be seen at later stage due to the inference
of the diAracted SV-wave from the base-corners. In
both the components, the recording of the incident
SV-wave, reCected SV- and mode converted
P-waves from the Canks and the diAracted P- and
SV-waves from the base corners can be seen in a
sequential order. The obtained zero amplitude in
the vertical component at the crest of the ridge is
due to reverse polarity of both the reCected and
diAracted waves from the opposite Canks and basecorners of the ridge. A considerable difference in
the SH- and SV-wave responses of the TR1 model
can be inferred.
3.2 Snapshots of wave-Beld
In order to infer the contrasting behaviour of the
SH- and SV-waves after interaction with the TR1
ridge topography, snapshots of the wave Beld have
been computed at different moments from 0.75 to
2.00 s and are shown in Bgure 3(a–c). The snapshots
of the wave Beld at times 0.75 and 1.00 s clearly
depict the upward moving SH- and SV-waves and
their reCection and diAraction from the Canks and
base corners of the TR1 ridge, respectively. The
mode converted P-wave due to the reCection and
diAraction of the SV-wave can also be observed from
Bgure 3(b, c). The snapshots of the wave Beld at
time 1.25 s clearly illustrates that the incident waves
and reCected waves from the Canks of the ridge are
reaching more or less simultaneously at the axis of
triangular ridge. The interference of these waves is
responsible for the very large amplitude of the SHwave and relatively less amplitude of the SV-wave
at the ridge top. The snapshots of the wave Beld at
times 1.50, 1.75 and 2.00 s depict a horizontal plane
wave front moving downward which is caused by the
reCected waves from the opposite Canks of the ridge.
The propagation of the diAracted SH-, SV- and
mode converted P-waves can also be clearly traced,
particularly in the snapshots at time 2.00 s. The
upward and downward propagating SV-waves are
traced in the horizontal component and reCected
SV-wave is recorded in the vertical component of
the snapshots of the wave Beld.
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3.3 Responses of TR3–TR7 triangular ridge
models
The SH-wave and the horizontal and vertical components of the SV-wave responses of the TR3, TR5
and TR7 ridge models are shown in Bgure 2(a–c),
respectively. An analysis of these Bgures depicts that
ampliBcation of the SH-wave and SV-wave at the
crest of ridges and base of the valleys are increasing
with the increase in number of sub-ridges and subvalleys along the Canks of the mega-ridge. Further,
the increase of ampliBcation at the crest of sub-ridge
with an increase of number of sub-ridges and subvalleys is more in the case of SV-wave responses. An
increase of duration with an increase of complexity
in the topography model in both the SH- and SVwave responses can be inferred as compared to the
single mega-ridge model.

4. Seismic responses of elliptical ridge
models
4.1 Responses of ER1 elliptical ridge model
The SH-wave and the horizontal and vertical
components of the SV-wave responses of the ER1
ridge model are shown in Bgure 4(a–c), respectively.
Figure 4 shows an ampliBcation of both the incident
SH-wave and SV-wave at the crest of ER1 elliptical
ridge. In Bgure 4(a), the incident SH-wave, the
reCected SH-wave from the Canks and the diAracted
SH-wave from the base-corners can be seen in a
sequential order. In contrast to the triangular ridge,
the amplitude of diAracted SH- and SV-waves from
the base corners of the ridge is more than the reCected
SH- and SV-waves from the Canks of the ER1 elliptical ridge. Further, in contrast to Bgure 2(b), there is
no de-ampliBcation of the horizontal component of
the incident SV-wave at the crest of elliptical ridge.
In the vertical component, the incident SV-wave,
reCected P- and SV-waves from the Canks and the
diAracted P- and SV-waves from the base corners
can be seen in a sequential order. Finally, there is
considerable difference in the SH- and SV-wave
responses of the TR1 and ER1 models.
4.2 Responses of ER3–ER7 elliptical ridge
models
Similarly, Bgure 4(a–c) depicts the SH-waves and
the horizontal and vertical components of the SVwave responses, respectively of the ER3, ER5 and
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Figure 3. Snapshots of the SH-wave response (a), snapshots of the horizontal and vertical components of the SV-wave responses
(b and c), respectively, of the triangular TR1, TR3, TR5 and TR7 topography models.

ER7 complex elliptical ridge models. Again,
Bgure 4 depicts an increase of ampliBcation of the
SH-wave and SV-wave at the crest of elliptical
ridges with an increase of number of sub-ridges and
sub-valleys, but this increase is too less as compared to that in the case of the triangular ridges,
particularly the horizontal components of the SVwave responses. However, increase of duration of
the SH- and SV-wave responses with an increase of
complexity in the model was of the similar order as
was in the case of triangular ridge models.

sub-ridges and sub-valleys using two approaches.
In the Brst approach, the ampliBcation/de-ampliBcation of the SH-wave has been computed with
respect to the SH-/SV-wave response of the
homogeneous half-space model and designated as
free-Beld spectral ratio (FSR) method. In the second approach, ampliBcation at the ridge crest have
been computed using the record very near or at the
base-corner of the ridges as a reference one and
designated as base spectral ratio (BSR) method in
this manuscript.

5. Analysis of simulated results

5.1 Spectral ampliBcations across the TR1
and ER1 models

The eAects of complexity and shape of ridge
topography are analyzed in the form of ampliBcation/de-ampliBcation along the Canks of the

The left and right panels of Bgure 5 demonstrate
a comparison of spectral ampliBcations of the
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Figure 4. SH-wave responses (a), the horizontal and vertical components of SV-wave responses (b and c), respectively, of the
ER1, ER3, ER5 and ER7 elliptical topography models.

horizontal components of the SH-wave and SVwave, respectively, at the crest (R26) of the TR1
and ER1 topography models using FSR method.
The spectral ampliBcations of SH-wave at the
crest of TR1 model is lesser than that at the crest
of ER1 model. Further, almost all the frequencies
of the SH-wave are ampliBed by TR1 topography
in contrast to ER1 topography, wherein there are
ampliBcation and de-ampliBcation pattern. The
wedge-angle in the TR1 model is p/2, so the
analytically maximum ampliBcation of the SHwave corresponding to wavelength (k) equal to
base-width (w) is 2.0 (analytical ampliBcation for
k = w is calculated using relation p/u; where u is
wedge angle in radians). But, numerically
obtained ampliBcation of the SH-wave at frequency corresponding to k = w as 2.49 is larger
than the analytical one. The obtained largest
spectral ampliBcation of the SH-wave at the crest

of TR1 model (2.49) is lesser as compared to that
on the ER1 model (2.56). Table 4 depicts that
average spectral ampliBcation (ASA) of the SHwave at the top of TR1 model (1.82) is larger
than that on the ER1 model (1.49). The ASA is
simply the average of all the spectral ampliBcations in the chosen frequency-bandwidth (0–15
Hz). Similarly, the right panel of Bgure 5 depicts
that largest ampliBcation of the SV-wave at the
crest of ER1 model (2.25) is more than that at
the crest of the TR1 model (2.20). Further, the
obtained ASA at ER1 model (1.13) is also larger
than that on the TR1 model (1.08). So, it may be
concluded that in the case of single ridge, the SHwave ampliBcation at ridge crest is more than the
SV-wave ampliBcation for the considered model
parameters. Furthermore, the difference of ASA
for the SH- and SV-waves is more in the case of
TR1 ridge model.
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Figure 5. A comparison of spectral ampliBcations of the SH- and SV-waves, respectively, at the receiver R26 of the TR1 and ER1
topography models.
Table 4. Numerical and analytical ampliBcation of the SH-wave and the horizontal component of the SV-wave and corresponding
ASAs at the crest of the TR1 and ER1 mega ridge models.
TR1 (triangular ridge model)
Receiver
locations
Ridge (C) R26

SAF: Numerical
SH-wave
2.49

SV-wave
2.20

SAF: Analytical

ER1 (elliptical ridge model)
ASA

SAF: Numerical

ASA

SH-wave

SH-wave

SV-wave

SH-wave

SV-wave

SH-wave

SV-wave

2.0

1.82

1.08

2.56

2.25

1.49

1.13

Table 5. Numerical and analytical ampliBcation of the SH-wave and the horizontal component of the SV-wave and corresponding
ASAs at the crests and troughs of the TR3 and ER3 complex ridge-topography models.
TR3 (triangular ridge model)
Receiver
locations
Ridge (C) R26
Valley (T) R16
Ridge (C) R11

SAF: Numerical

SAF: Analytical

ER3 (elliptical ridge model)
ASA

SAF: Numerical

ASA

SH-wave

SV-wave

SH-wave

SH-wave

SV-wave

SH-wave

SV-wave

SH-wave

SV-wave

3.318
1.379
3.175

4.636
1.707
5.271

2.0
0.69
2.51

2.27
0.784
1.933

1.406
0.480
1.924

2.410
1.533
2.561

2.278
1.876
2.251

1.340
0.763
1.413

1.330
0.663
1.151

5.2 Spectral ampliBcations across the TR3
and ER3 models
The spectral ampliBcations of the SH-wave at
receivers R11 and R26 located at the crest of subridges and R16 located at the base of the sub-valley
of the TR3 and ER3 topography models is compared in Bgure 6(a). Basically, it is observed that
the spectral ampliBcations of the SH-wave at the
crest of sub-ridges (R11 and R26) of the TR3 model
are larger than those on the ER3 model. However,
the de-ampliBcation of the SH-wave at the subvalley (R16) of the TR3 and ER3 models are more
or less comparable. The computed numerical and
analytical ampliBcation of the SH- and SV-waves
and corresponding ASAs at R11, R16 and R26
along the Canks of the TR3 and ER3 topography
models are given in table 5. An analysis of table 5
reveals that the numerically obtained largest

ampliBcation of the SH-wave at the sub-ridges of
TR3 model (R11 and R26) is very large as compared to that obtained analytically. For example,
at central sub-ridge (R26), the numerically
obtained ampliBcation of the SH-wave at is 3.32,
which is around 1.6 times larger than that obtained
analytically (2.0). In contrast to the expectation,
table 5 reveals an ampliBcation at some of the
frequencies of the SH-wave (the largest one of the
order of 1.38) at the trough of the sub-valley (R16)
of the TR3 model as compared to the de-ampliBcation obtained analytically (0.69) for all frequencies. Further, obtained ASA at the trough of the
sub-valley (R16) of the TR3 model as 0.78 also
depicts lesser de-ampliBcation as compared to the
analytical one (0.69). The largest ampliBcation of
the SH-wave at the crest of sub-ridges located at
R26 and R11 of the ER3 model were of the order of
2.41 and 2.56 and ASA of the order of 1.34 and
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Figure 6. (a–c) A comparison of spectral ampliBcations of the SH-wave, the horizontal and vertical components of the SV-wave,
respectively, at the receiver points located at the crests of sub-ridges (R11 and R26) and trough of the sub-valley (R16) of the
TR3 and ER3 complex topography models.

1.41, respectively (table 5). Although, the obtained
ASA of the order of 0.76 at the trough of the subvalley (R16) of ER3 model reveals de-ampliBcation
of the SH-wave, but some few frequencies there is
ampliBcation of the SH-wave (the largest one is of
the order of 1.53). However, ASA reveals larger
ampliBcation of the SH-wave at the crests of subridges and troughs of the sub-valleys of the TR3
model as compared to the ER3 model.
Similarly, Bgure 6(b and c) depicts a comparison of spectral ampliBcations of the horizontal
and vertical components of the SV-wave, respectively, at receivers R11 and R26 located at the
crest of the sub-ridges and R16 located at the
trough of the sub-valley of the TR3 and ER3
topography models. The obtained largest spectral
ampliBcation of the horizontal components of SVwaves at the crest of sub-ridges R11 and R26 of
the TR3 model as 5.27 and 4.64 are larger than
those on the ER3 model which are 2.25 and 2.28,
respectively. Similar is the result for the vertical
components at the crest of a sub-ridge located at
R11, particularly in the case of high frequency
range. Further, the spectral ampliBcations of horizontal component of SV-wave are larger at crest
located at R11 as compared to that on R26. This
may be due to the lesser wedge angle at R11 as
compared to that on R26. However, the de-ampliBcation of the SV-wave at the sub-valley (R16)

of the TR3 and ER3 models are comparable, but
there is ampliBcation of the SV-wave at certain
frequencies of the order of 1.71 and 1.87, respectively. At the base of trough (R16) of both the
TR3 and ER3 models, the spectral ampliBcations
in the vertical component is relatively larger than
that in the horizontal component. Further, the
obtained ASA at the crests of sub-ridges R11 and
R26 of the TR3 model are 1.92 and 1.41, and on
the sub-ridges R11 and R26 of the ER3 model are
1.15 and 1.33, also depict larger ampliBcation of
the horizontal component of the SV-wave on the
triangular sub-ridges as compared to that on the
elliptical sub-ridges. The obtained ASA in the
horizontal component of the SV-wave at the
trough of sub-valley of the TR3 model (R16) as
0.48 is smaller than that at the respective location
of sub-valley of the ER3 model as 0.66 (table 5).
The spectral ampliBcations of the SH- and
SV-waves caused by the TR3 and ER3 complex
topography models describe that the largest
ampliBcation of the horizontal components of the
SV-wave is more than that of the SH-wave in the
cases of sub-ridges of the TR3 model and reverse is
the observation in the case of ER3 model. However,
ampliBcation of the horizontal components of the
SV-wave is more as compared to the SH-wave at
the trough of both the TR3 and ER3 models.
Further, the obtained ASA for the SH-wave at the
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Figure 7. (a–c) A comparison of spectral ampliBcations of the SH-wave, the horizontal and vertical components of the SV-wave,
respectively, at the receiver points located at the crests of sub-ridges (R6, R16 and R26) and trough of the sub-valley (R11 and
R21) of the TR5 and ER5 complex topography models.

crest of the sub-ridges of both the TR3 and ER3
models are larger than those in the case of
horizontal components of the SV-wave.

5.3 Spectral ampliBcations across the TR5
and ER5 topography models
The spectral ampliBcations of the SH-wave at the
crest of sub-ridges (R6, R16 and R26) and at the
trough of the sub-valleys (R11 and R21) of the TR5
and ER5 complex ridge topography models is
compared in Bgure 7(a). The spectral ampliBcations of the SH-wave at the crest of sub-ridges (R6,
R16 and R26) of the TR5 model are larger than
those on the ER5 model. However, the spectral
ampliBcations of the SH-wave at the trough of the

sub-valleys (R11 and R21) of the TR5 and ER5
models are more or less comparable. The numerically and analytically obtained largest ampliBcation of the SH- and SV-waves and ASA at different
locations of the TR5 and ER5 topography models
are given in table 6. The analysis of table 6 reveals
that the numerically obtained largest ampliBcation
of the SH-wave at the crest of the sub-ridges of the
TR5 model (R6, R16 and R26) are very large as
compared to those obtained analytically. For
example, at central sub-ridge (R26), the numerically obtained largest ampliBcation of the SH-wave
at k = w is 3.26, which is 1.63 times larger than
that obtained analytically (2.0) (tables 2 and 6).
Further, the largest ampliBcation of the SH-wave
and ASA at the crest of sub-ridges of the TR5
model were larger than those on the ER5 at the
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Table 6. Numerical and analytical ampliBcation of the SH-wave and the horizontal component of the SV-wave and corresponding
ASAs at the crests and troughs of the TR5 and ER5 complex ridge-topography models.
TR5 (Triangular ridge model)
Receiver
locations
Ridge (C) R26
Valley (T) R21
Ridge (C) R16
Valley (T) R11
Ridge (C) R6

SAF: Numerical

ER5 (Elliptical ridge model)

SAF: Analytical

ASA

SAF: Numerical

ASA

SH-wave

SV-wave

SH-wave

SH-wave

SV-wave

SH-wave

SV-wave

SH-wave

SV-wave

3.26
1.64
2.70
1.48
3.56

5.95
1.97
3.38
1.48
5.77

2.00
0.73
1.98
0.62
2.84

1.81
0.73
1.84
0.76
2.74

1.80
0.46
1.16
0.42
2.62

2.93
1.76
1.98
1.88
2.87

4.52
2.05
2.11
1.98
2.00

1.29
0.64
1.15
0.77
1.42

1.21
0.55
1.00
0.80
1.00

respective location (table 6). Figure 6(a) also
reveals an ampliBcation of certain frequencies of
the SH-wave at the trough of the sub-valleys (R11
and R21) of the TR5 and ER5 topography models.
However, the obtained ASA at receivers R11 and
R21 of the TR5 model as 0.76 and 0.73 and that in
the case of ER5 model as 0.77 and 0.64 reveals deampliBcation at the trough of sub-valleys of the
TR5 and ER5 models.
Similarly, the spectral ampliBcations of the
horizontal and vertical components of the SV-wave
at receivers R6, R16 and R26 of the TR5 and ER5
topography models are compared in Bgure 7(b and
c), respectively. The spectral ampliBcations of the
horizontal components of the SV-wave at the crest
of sub-ridges located at R6, R16 and R26 of the
TR5 model is very large as compared to that on the
corresponding location of the ER5 model. For
instance, the largest ampliBcation of horizontal
components of the SV-wave at locations R6, R16
and R26 on the TR5 model are 5.77, 3.38, 5.95 and
that on the ER5 model are 2.0, 2.11, 4.52, respectively. Almost similar is the result for the vertical
components at the crests of sub-ridges located at
R6 and R16. Further, the overall spectral ampliBcations of the horizontal components of the SVwave are larger at crest of sub-ridge located at R6
as compared to that at the crest of sub-ridge
located at R26. The obtained ASA at the crests of
sub-ridges located at R6, R16 and R26 of the TR5
model as 2.62, 1.16 and 1.80 and on the corresponding sub-ridges of the ER5 model as 1.00, 1.00
and 1.21 also depicts larger ampliBcation of the SVwaves on the triangular sub-ridges as compared to
that on the elliptical sub-ridges. The spectral
ampliBcations of horizontal components of the SVwave at the sub-valleys located at R11 and R21 of
the TR5 and ER5 models are more or less comparable. Further, the range of ampliBcation is of the
order of 1.5–2.0 at few frequencies. But, table 6

reveals that ASA in the horizontal components of
the SV-wave at the trough of sub-valleys located at
R11 and R21 of the TR5 model are smaller than
that in the horizontal components of the SV-wave
at the respective trough of sub-valleys of the ER5
model. An analysis of table 6 reveals that the
obtained ASA of the SH-wave at the crest of the
sub-ridges of the TR5 and ER5 models are larger
than that in the case of horizontal components of
the SV-wave at the respective locations. It means
that ampliBcation of peak horizontal acceleration
(PHA) in the case of SH-wave will be larger than
that in the case of SV-wave.
5.4 Spectral ampliBcations across the TR7
and ER7 topography models
The spectral ampliBcations of the SH-wave at the
crest of sub-ridges located at R5, R11, R18 and R26
and at the trough of the sub-valleys located at
R8, R15 and R21 of the TR7 and ER7 complex
topography models are compared in Bgure 8(a). An
analysis of table 7 reveals that the numerically
obtained ampliBcation of the SH-wave at the crest
of the sub-ridges of the TR7 model (R5, R11, R18
and R26) are very large as compared to those
obtained analytically. For example at central subridge (R26), the numerically obtained largest
spectral ampliBcation of the SH-wave is 3.88,
which is 1.94 times larger than that obtained analytically (2.0) (tables 2 and 7). The spectral
ampliBcations of the SH-wave at the crest of subridges (R5, R11, R18 and R26) of the TR7 model
are larger than that in the case of ER7 model at the
respective location. However, the spectral de-ampliBcations of the SH-wave at the trough of the
sub-valleys (R8, R15 and R21) of the TR7 and
ER7 models are more or less comparable.
Figure 8(a) and table 7 also reveal an ampliBcation
of certain frequencies of the SH-wave at the trough
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Figure 8. (a–c) A comparison of spectral ampliBcations of the SH-wave, the horizontal and vertical components of the SV-wave,
respectively, at the receiver points located at the crests of sub-ridges (R5, R11, R18 and R26) and trough of the sub-valleys (R8,
R15 and R21) of the TR7 and ER7 complex topography models.

of the sub-valleys (R8, R15 and R21) of the TR7
and ER7 topography models. However, the ASA
given in table 7 reveals de-ampliBcation at the
troughs of all the sub-valleys of the TR7 and ER7
models. Finally, ASA obtained at the crests reveals
larger ampliBcation of the SH-wave at the crests of

sub-ridges of the TR7 model as compared to the
ER7 model (table 7).
Similarly, the spectral ampliBcations of the
horizontal and vertical components of the SVwave, respectively, at receivers R5, R11, R18 and
R26, which are located at the sub-ridges of the TR7
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Table 7. Numerical and analytical ampliBcation of the SH-wave and the horizontal component of the SV-wave and corresponding
ASAs at the crests and troughs of the TR7 and ER7 complex ridge-topography models.
TR7 (Triangular ridge model)
Receiver
locations
Ridge (C) R26
Valley (T) R21
Ridge (C) R18
Valley (T) R15
Ridge (C) R11
Valley (T) R8
Ridge (C) R5

SAF: Numerical

ER7 (Elliptical ridge model)

SAF: Analytical

ASA

SAF: Numerical

ASA

SH-wave

SV-wave

SH-wave

SH-wave

SV-wave

SH-wave

SV-wave

SH-wave

SV-wave

3.88
1.73
3.26
2.09
3.89
1.88
3.88

5.57
2.00
5.27
1.69
7.46
1.79
5.53

2
0.69
2.34
0.63
2.57
0.58
2.64

1.98
0.79
2.12
0.77
2.24
0.78
2.85

2.42
0.72
3.05
0.66
4.02
0.71
3.19

3.32
1.63
3.20
2.10
3.29
1.73
2.48

3.44
1.97
2.16
1.81
2.27
1.58
3.67

1.19
0.64
1.42
0.65
1.48
0.74
1.72

1.35
0.60
0.88
0.59
1.04
0.72
0.98

and ER7 topography models are compared in
Bgure 8(b and c), respectively. The spectral
ampliBcations of horizontal components of the SVwave at the crest of sub-ridges located at R5, R11,
R18 and R26 of TR7 model are very large as
compared to that on the corresponding location of
the ER7 model. For instance, the largest ampliBcation of horizontal components of the SV-wave at
locations R5, R11, R18 and R26 on the TR7 model
are 5.53, 7.46, 5.27, 5.57 and that on the ER7
model are 3.67, 2.27, 2.16, 3.44, respectively. Similar is the result for the vertical components at the
crests of a sub-ridges located at R5, R11, R18 and
R26. Further, the spectral ampliBcations of the
horizontal components of the SV-wave are largest
at crest of sub-ridge located at R11, where wedge
angle is 0.38p. It is interesting to note that the
largest ampliBcation of the vertical components of
the SV-wave at the crest of sub-ridges located at
R11 of the TR7 model is comparable to that of the
SH-wave ampliBcation. Further, the obtained ASA
at the crests of sub-ridges located at R5, R11, R18
and R26 of the TR7 model as 3.19, 4.02, 3.05 and
2.42 and on the corresponding sub-ridges of the
ER5 model as 0.98, 1.04, 0.88 and 1.35 depicts
much larger ampliBcation of the horizontal components of the SV-wave on the triangular sub-ridges as compared to that on the elliptical sub-ridges.
The cause of lesser or negligible ampliBcation of the
horizontal components of SV-wave at the sub-ridges of the elliptical ER7 ridge model may be due to
the shape. However, the de-ampliBcation of horizontal components of the SV-wave at the sub-valleys located at R8, R15 and R21 of the TR7 and
ER7 models are more or less comparable, with
ampliBcation of the order of 2.0 at few frequencies.
Table 7 reveals that the obtained ASA in the

horizontal components of the SV-wave at the
trough of sub-valleys located at R8, R15 and R21
of the TR7 model are also larger than that at the
respective trough of sub-valleys of the ER7 model.
A comparative analysis of tables 4–7 represents
that there is an increase of ampliBcation of both the
SH- and SV-waves on both the triangular and
elliptical sub-ridges with an increase of number of
sub-ridges and sub-valleys on the Canks of the
mega-ridge. Further, this increase is more in the
case of horizontal components of the SV-wave,
particularly on the triangular ridge models. For
example, in the case of TR1 model, the ASA of the
SH-wave (1.82) was larger than that for the horizontal component of the SV-wave (1.08). In contrast to this, in the case of TR7 model, ASA of the
SH-wave (1.98) at the crest of the central sub-ridge
(R26) is lesser than that of the horizontal component of the SV-wave (2.42). Further, the largest
spectral ampliBcation of the horizontal component
of the SV-wave is of the order of 7.46, which is
much larger than that in the case of SH-wave
(3.88). However, in the case of elliptical ridges, the
ASA for the horizontal components of the SV-wave
is always lesser than that for the SH-wave. The
obtained ASA of the order of 2.4–4.0 for the horizontal components of the SV-wave at the crest of
sub-ridges of the TR7 model depicts that PHA may
increase by a factor of 4.0. But, this ampliBcation
of the PHA for the SH-wave may have a range of
2.0–2.85 only.
5.5 Spatial variation of ASA along Canks
of topography
In order to compute the inertial force for the design
of a structure, generally peak horizontal

36

Page 16 of 20

J. Earth Syst. Sci. (2021)130:36

Figure 9. (a–h) A comparison of average spectral ampliBcation of the SH-wave, horizontal and vertical components of the
SV-wave computed across the TR1–TR7 triangular and ER1–ER7 elliptical complex ridge models, respectively.

acceleration (PHA) is required. There is no
empirical relation available to Bnd out the PHA
along the Canks of topography due to lack of
earthquake records. However, empirical relations
are available to compute the PHA at a site, without considering topography eAects, in terms of
magnitude and distance. So, the computed PHA at
mean elevation in a hilly area can be transferred to
different locations along the Canks of a topography
using ASA in the desired frequency bandwidth.
The left and right panels of Bgure 9 depict a comparison of ASA obtained for the SH- and SV-waves
along the Canks of the considered triangular and
elliptical complex topography models. The analysis
of Bgure 9 reveals that the obtained ASA at the

crests of triangular sub-ridges are larger than that
at the crests of respective elliptical sub-ridges. On
an average, ASA at the crests of both the triangular and elliptical sub-ridges are increasing with
an increase of number of sub-ridges. But, this
increase is more in the case of triangular ridges. It
is interesting to note that the obtained ASA for the
horizontal components of SV-wave is larger than
that for the SH-wave on the crests of sub-ridges of
the TR5 and TR7 triangular topography models.
However, in the case of elliptical sub-ridges, the
obtained ASA for the horizontal components of
SV-wave is always smaller than that for the
SH-wave. But, the sum of ASA in the horizontal
and vertical components of SV-wave may be
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Figure 10. (a, b) A comparison of spectral ampliBcations using BSR method with reference receivers at 00 and 16 m distances
from the base of ridges and FSR method at the crest of sub-ridges (R6, R16 and R26) of the TR5 and ER5 complex ridge models,
respectively.

comparable with that of the SH-wave. On an
average, the PHA may be ampliBed by a factor of
1.5 and 2.75 times in the case of SH-wave and by a
factor of 3–4 times in the case of SV-wave by the
considered triangular complex ridges. In contrast
to this, the PHA may be ampliBed by a factor of 1.2
and 1.7 times in the case of SH-wave and by a
factor of 1.0–1.35 times in the case of SV-wave by
the considered elliptical complex ridges.

6. Ridge ampliBcation using BSR method
In order to Bnd out the reason behind reported
larger ridge-ampliBcation based on earthquake
records at the top and base of ridge as compared to
the numerical one, spectral ampliBcations of the
SH-wave computed using spectral ratio of responses
at the top and near the base (BSR method) is
compared with the obtained spectral ratios of
responses at the top of ridge and free-Beld response

(FSR method) is given in Bgure 10. Figure 10(a and
b) shows a comparison of computed spectral
ampliBcations of the SH-wave using BSR method
with reference records at a distance of 00 and 16 m
from the left base of the model and the FSR method
at R6, R16 and R26 receivers located at the crests of
sub-ridges of the TR5 and ER5 topography models,
respectively. Analysis of Bgure 10 represents that
the spectral ampliBcations of the SH-wave computed using BSR method are much larger than
those computed using FSR method. Further, the
spectral ampliBcations computed using BSR
method is decreasing as the distance of reference
site is increasing from the base of the ridge. Furthermore, the spectral ratio computed using FSR
method is smoother than that computed using BSR
method and this ratio is very large at some frequencies in the case of BSR method. It means that
topography ampliBcation computed using BSR
method may vary depending on the location of
reference site with respect to the base of the ridge as
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well as it may be too large as compared to that
computed using FSR method. It may be concluded
that the obtained very large ridge ampliBcation
using BSR method may be due to the de-ampliBcation of ground motion at/near the base (reference
site). In short, the computed topographic ampliBcation at the top of a ridge using earthquake records
at the top and base of a ridge may not be the true
topography ampliBcation scenario.

7. Discussion
The larger spectral ampliBcations of the SH-wave
obtained at the crest of sub-ridges using the BSR
method (largest value 13.8) as compared to FSR
method (largest value 3.89) depicts that the
reported larger ridge ampliBcation based on the
earthquake records at the top and base of ridge
may be due to the de-ampliBcation at the base.
Further, decrease of computed spectral ampliBcations with an increase of the distance of reference
site from the base of ridge reveals that the estimated ridge ampliBcation using BSR method may
not be the accurate one (Geli et al. 1988).
Table 3 depicts that the numerically obtained
larger ampliBcation of SH-wave at the crest of triangular corresponding to the frequency k=w as
compared to the analytical one may be due the
presence of diAracted wave in the numerical response
(Narayan and Kumar 2015). The ampliBcation is
increasing with an increase of number of sub-ridges
and sub-valleys along the Cank of both the elliptical
and triangular mega-ridges (tables 3–6). For example, at the crest of central sub-ridge, the numerically
obtained largest spectral ampliBcation of the SHwave is 2.28, 3.32, 3.26 and 3.88 in the TR1, TR3,
TR5 and TR7 models, respectively, whereas analytically it is only 2.0 since wedge angle is p/2 in all the
models. Further, the obtained largest ampliBcation
as well as ASA at the crest of sub-ridges of both the
elliptical and triangular models are increasing with
the increase of complexity. Also, it is important to
note that this increase is more in the triangular ridges. Further, this increase of ASA for the horizontal
components of SV-wave is more to that of SH-wave in
the case of TR7 model and reverse is the observation
in the case of ER7 model. It means that PHA at the
crest of ridge depends on shape, complexity and
polarization of the incident S-wave.
The obtained ASA of the order of 4.0 in the case
of horizontal component of the SV-wave at the
crest of sub-ridges of the TR7 model gives an
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evidence that it is possible to explain the recorded
PHA of the order of 1.25 g at the crest of a triangular ridge near the Pacoima Dam during 1971 San
Fernando earthquake of magnitude 6.4 (Trifunac
and Hudson 1971). Further, the ampliBcation at
the crest of a complex 3D topography may be much
larger than that what has been obtained in the
present study since 3D focusing eAect is larger than
the 2D focusing eAect (Davis et al. 2000). The ridge
ampliBcation may further increase due to the
weathering eAects (Narayan and Kumar 2015). So,
only the simulation of responses of complex and
weathered 3D ridge topography can provide the
reliable ridge ampliBcation.

8. Conclusions
The analysis of the SH- and SV-wave responses of
the single and complex triangular and elliptical
ridge topography models have shown an increase of
ampliBcation at the crest of sub-ridges as well as the
base of sub-valleys with the increase of complexity
in the model. Further, the increase of ampliBcation
of the horizontal components of SV-wave with
complexity was larger to that of the SH-wave in the
case of triangular ridges and reverse was the
observation in the case of elliptical ridges. A comparison of the computed crest ampliBcation using
reference record near the base of ridge and the free
Beld record revealed that the predicted ridge
ampliBcation using earthquake records at the top
and base of a ridge generally overpredicts the ridge
ampliBcation and may not be reliable. The obtained
larger ASA of the horizontal components of SVwave at the crest of triangular sub-ridges as compared to that for the SH-wave and reverse case at
the crest of the elliptical sub-ridges with the similar
complexity reveals the need of consideration of
realistic shape of the topography and polarization of
the incident S-wave in the numerical simulation.
Finally, the main conclusion of this research work is
that the numerical method can predict the reliable
ground motion in hilly regions considering the
shape, complexity and weathering of 3D topography along with the incident S-waves polarization.
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