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ABSTRACT
This paper presents the effects of ridge-weathering thickness on the ground
motion amplification pattern. Seismic responses of the considered weathered ridge
models have been computed using a 2D fourth-order-accurate staggered-grid finitedifference (FD) algorithm for the SH-wave and P-SV wave simulation in viscoelastic
medium. The incorporation of realistic damping in the time-domain FD simulation is
based on the GMB-EK rheological model. The analysis of the simulated responses of
the weathered ridge models revealed considerable effects of weathering thickness on
the ground motion characteristics. The obtained peak spectral amplification was of
the order of 4.0 with respect to a response of a weathered horizontal layer overlying
the rock. The computed average spectral amplification (ASA) for the SH-wave and PSV wave in the high and low frequency ranges revealed that in the high frequency
range, the ASA is decreasing with an increase of weathering thickness. On the other
hand in the low frequency range, the ASA is increasing with an increase of
weathering thickness. Further, ASA is highly affected by the spectral peaks
associated with the resonances in the weathered layer. Analysis of these results
illustrates the importance of consideration of ride-weathering thickness effect on
ground motion during seismic hazard assessment.
Keywords: Finite difference simulation, ridge-weathering effects, local site effects.

INTRODUCTION
The spatial variation in the ground motion characteristics caused by the undulating
topography requires an explicit consideration in the design of the important facilities. The
recorded ground motion and the observed damage patterns during past earthquakes and
numerical simulations have revealed the topographic amplifications and de-amplifications
(Trifunac and Hudson, 1971; Spudich et al., 1996; Celebi, 1987; Kawase and Aki, 1990;
Celebi, 1991; Pedersen et al., 1994; Narayan and Rai, 2001). The quantification of the local
site effects on the ground motion characteristics needs an efficient numerical method
(Narayan, 2005, 2012; Narayan and Ram, 2006; Narayan and Kumar, 2008). In the past,
seismic responses of homogeneous ridges of various shape and size have been simulated
for the incident SH-, SV- and P-waves using different methods (Bouchon, 1973; Geli et al.,
1988; Pitarka and Irikura, 1996; Narayan and Rao, 2003; Narayan, 2003; Chaljub et al.,
2010). But, the numerically predicted topographic amplifications rarely exceeded 2.0 in the
frequency band of interest (Geli et al., 1988). On the other hand, the topographic
amplification exceeding 10 have been reported based on the earthquake records (Lee et al.,
2009). The possible reasons behind such discrepancy may be the consideration of 2D
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models instead of 3D model, homogeneous ridges instead of heterogeneous one, use of
ground motion record near the base of hill as a reference site for the computation of spectral
amplifications and non-consideration of the surrounding topography in the simulations.
In order to find out whether weathering is responsible for the larger spectral
amplification reported by Narayan and Kumar (2015), the effects of ridge weathering
thickness on the ground motion characteristics is studied in details. In this paper the effects
of ridge-weathering thickness on the ground motion of the SH- and P-SV waves are
simulated. The SH-wave and P-SV wave time-domain viscoelastic finite-difference programs
developed by Narayan and Kumar (2013, 2014) were used for the simulation of responses of
various visco-elastic ridge models. The frequency-dependent damping in the time-domain
FD simulations is incorporated based on the GMB-EK rheological model (Emmerich and
Korn, 1987). A material independent anelastic function developed by Kristek and Moczo
(2003) was used since it is preferable in case of material discontinuities in the FD grid. An
improved vacuum formulation proposed by Zeng et al. (2012) is used as a free surface
boundary condition. Both the sponge boundary (Israeli and Orszag, 1981) and A1 absorbing
boundary (Clayton and Engquist, 1977) conditions were implemented on the model edges to
avoid the edge reflections (Kumar and Narayan, 2008).
WEATHERED RIDGE MODELS
In order to study the effects of the weathering thickness on the ground motion, SHand SV-waves responses, weathered ridge models (WTM1-WTM4) with shape-ratio 1.0
were considered. The semi-elliptical ridge-model has a fixed base width 1000 m and height
as 500 m. The shape-ratio is the ratio of height of ridge with the half-width of the base of the
ridge. Fig.1 shows a cross-section of semi-elliptical weathered ridge-model. The weathering
thickness was taken as 12 m, 20 m, 32 m and 48 m in the WTM1-WTM4 models,
respectively. The P- and S-waves velocities and quality factors at reference frequency 1.0
Hz, density and unrelaxed moduli for the ridge-weathering and rock are given in Table-1.
Seismic responses along the free surface were computed at 41 equidistant (50 m apart
horizontally) receiver points extending from 1.0 km left to 1.0 km right of the axis of the ridgemodels. Ricker wavelet with 4.0 Hz dominant frequency was used as a source excitation
function. A plane SH- or P-SV-wave front were developed using various point sources along
a horizontal line.

Fig. 1: Semi-elliptical ridge-model with a weathered layer.
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Table-1: P- and S-wave velocities and quality factors at a reference frequency, density and
unrelaxed moduli for the ridge-weathering and the underlying rock-mass
Parameters
Weathering
Rock

Velocity at FR
(m/sec)
S-wave Pwave
300
561
1200
2078

Quality Factor
at FR
SP-wave
wave
30
56
120
208

Density
(kg/m3)

Unrelaxed Moduli
(GPa)
MU
KU
λU

1800
2000

0.178
2.951

0.597
8.758

0.239
2.856

WEATHERING THICKNESS EFFECTS ON SH-WAVE:
SH-wave responses of the WTM1-WTM4 ridge-models are shown in Fig.2 a-d for a
vertically incident plane SH-wave front. A decrease of amplitudes of both the incident and the
reflected SH-waves from the upper part of the ridge with an increase of weathering thickness
can be inferred on the receiver points located above the ridge mass. An increase of duration
of ground motion with an increase weathering thickness can also be inferred.

Fig. 2 a-d: The SH-wave responses of the WTM1-WTM4 models, respectively.
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The seismic responses of a model with a horizontal weathered layer overlying the
rock were also computed for different weathering thickness. These responses have been
used to compute the spectral amplification caused by the weathered ridge. Fig.3 a-d depicts
the spectral amplification of the SH-wave at the ridge-top caused by weathered ridge with
respect to a response a weathered horizontal layer. The analysis of Fig.3 reveals that at
certain frequency the spectral amplification has exceeded 3.0. Further, a decrease of largest
spectral amplification value is decreasing with an increase of weathering thickness.
The average spectral amplifications (ASA) have been computed just using the
average of ratio of spectra of responses corresponding to with and without the weathered
ridge topography. A comparison of the ASA of the SH-wave in the high and low frequency
ranges for the WTM1-WTM4 models is shown in Fig.4 a & b. Analysis of Fig.4 depicts that in
the high frequency range, the ASA is decreasing with an increase of weathering thickness. On
the other hand, in the low frequency range, the ASA is increasing with an increase of
weathering thickness. Further, it is highly affected by the spectral peaks associated with the
resonances in the weathered layer, particularly in case of the WTM3 and WTM4 models
where resonance frequencies in weathered layers are 2.24 Hz and 1.56 Hz, respectively.

Fig. 3 a-d: A comparison of spectral amplification variation of the SH-wave responses of
WTM1-WTM4 models at top of the ridge model, respectively.
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Fig. 4 a & b: A comparison of ASA variation in the case of the SH-wave responses of the
WTM1-WTM4 models in the high and low frequency ranges, respectively.
WEATHERING THICKNESS EFFECTS ON P-SV WAVE
The horizontal and vertical components of the SV-wave responses of the WTM1WTM4 weathered ridge-models are shown in Fig. 5 a-d and 6 a-d, respectively. The mode
converted P-wave and the reflected P- and SV-waves are not clearly visible due to the
increased duration of shaking in both the components. A decrease of amplitudes of the
incident SV-wave, mode converted P-wave and the reflected P- and SV-waves with an
increase of weathering thickness can be inferred in both the components. An increase of
duration of ground motion with an increase of weathering thickness can also be inferred,
which was also observed in SH-wave.
The spectral amplification of the horizontal and vertical components of the SV-wave
with respect to the horizontal component of response of a model containing a horizontal
weathered layer are shown in Fig. 7 a-d and 8 a-d, respectively. The analysis of these Fig.
reflects that the spectral amplification of the horizontal component of the SV-wave has gone
up to 4.0. In case of the vertical components, the spectral amplification is negligible, this is
obvious.
A comparison of the ASA of the horizontal and the vertical components of the SVwave in the high and low frequency ranges for the WTM1-WTM4 models are shown in Fig. 9
a & b; 10 a & b, respectively. A decrease of ASA with an increase of weathering thickness in
the high frequency range can be observed in the horizontal component and reverse was the
case in the vertical component. On the other hand, an increase of ASA with an increase of
weathering thickness in the low frequency range can be inferred in both the components.
Further, it is highly affected by the spectral peaks associated with the resonance in the
weathered layer. The spectral amplification peaks in case of the horizontal components of
the SV-wave is lesser to that of the SH-wave. But, it is surprising to note that the ASA in the
vertical components has gone up to 1.0. It means overall, the amplification of the SV-wave is
more than that of the SH-wave.
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Fig. 5 a-d: The horizontal components of the SV-wave responses of the WTM1-WTM4
models, respectively.
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Fig.6 a-d: The vertical components of the SV-wave responses of the WTM1-WTM4 models,
respectively.
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CONCLUSIONS
A decrease of amplitudes of both the SH-wave and P-SV with an increase of
weathering thickness can be inferred on the receiver points located above the ridge mass.

Fig. 7 a - d: A comparison of spectral amplification variation of the horizontal components of
the SV-wave at the top of WTM1-WTM4 ridge models, respectively.
Further, it is highly affected by the spectral peaks associated with the resonances in
the weathered layer, particularly in case of the WTM3 and WTM4 models where resonance
frequencies in weathered layers are 2.24 Hz and 1.56 Hz, respectively. A decrease of ASA of
the SV-wave with an increase of weathering thickness in the high frequency range can be
observed in the horizontal component and reverse was the case in the vertical component.
On the other hand, an increase of the ASA with an increase of weathering thickness in the
low frequency range can be inferred in both the components. A systematic effect of
weathering thickness on the ASA was not inferred in both the SH- and SV-waves for the
considered weathering-thickness range.
The obtained peak spectral amplifications in cases of both the SH- and SV-waves
(exceeding 4.0) reflects that if a 3D modeling of a weathered layer is carried out along with
the consideration of the surrounding topography then it may be expected that the observed
large spectral amplifications can be verified based on the numerical simulations. Further, the
large spectral amplifications may also be arising due to the consideration of the motion near
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by the base of the ridge. The spectral de-amplification at a particular frequency may cause
an unexpected (erroneous) amplification along the ridge flanks.

Fig. 8 a-d: A comparison of spectral amplification variation of the vertical components of the
SV-wave at the top of WTM1-WTM4 ridge models, respectively.

Fig. 9 a & b: A comparison of ASA variation in the horizontal components of the SV-wave
responses of WTM1-WTM4 models, respectively.
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Fig. 10 a & b: A comparison of ASA variation in the vertical components of the SV-wave
responses of WTM1-WTM4 models, respectively.
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