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Abstract 

There are valuable investigations on the amplification effects of the topography on the 
seismic response in the frequency domain; however, a question is that how one can 
estimate the amplification of time domain peak ground acceleration (PGA), peak ground 
velocity (PGV), and peak ground displacement (PGD) over the topographic structures. In 
this study, the numerical approach has been used for the evaluation of time domain peak 
ground motion parameters amplification on a two-dimensional Gaussian-shaped hill in a 
typical rocky medium. Five normalized geometries, as well as the twelve normalized 
vertical incident motions, have been used. Incident motions are SV wave of Ricker type. 
Time domain responses of displacements, velocities, and accelerations have been 
calculated and analyzed in selected points of the hills. Tabulated results illustrate a 
significant role of geometry on the patterns of the amplification, and that almost the top of 
the hill amplifies and the hill toe de-amplifies the motion. Meanwhile, the rate of the 
amplification and de-amplification generally depends on the predominant period of the 
incident motion. Comparison of the amplification of PGA, PGV, and PGD values with the 
Fourier amplification curves showed that, in general, there is a well-matched correlation 
between them; however, the time domain amplifications of PGA, PGV, and PGD values 
have a gentler variation with the predominant period of the motion. It seems that one can 
give a reliable estimation of time domain amplification of PGA, PGV, and PGD values by 
using averaged Fourier amplifications over the suitable range of frequencies around the 
predominant period of the input motion.  
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1    Introduction 
The effects of surface topography on 
seismic response have been observed 
during several earthquakes. Celebi (1987 
and 1991) presented some cases of 
observation of topography effects on the 
surface seismic response during the 1987 
Superstition hill earthquake, 1983 
Coalinga earthquake and 1985 Chile 
earthquake. Athanasopoulos et al. (1999) 
and Bouckovalas and Kouretzis (2001) 
have shown evidences of amplification of 
the site response due to the topography 
variation during the 1999 Greece 
earthquake. Wang et al. (2016) studied 
the earthquake-damaged distributions and 
its relationship with the local topography 
during the 2015 Gorkha earthquake in 
Nepal. Along with this observations, high 
accelerations recorded in Pacoima dam 
during 1971 San Fernando Earthquake 
(Boore, 1973; Trifunac and Hudson 
1971) and in Tarzana Hill (1.78g) during 
1994 Northridge earthquake (Spudich et 
al., 1996) are among the cases that refer 
to the topography as an important factor 
in site seismic response. 

Considering numerical estimation of 
the topography effects on ground motion, 
Boore (1972) was the first who used the 
finite difference method to evaluate the 
triangle shaped hill induced by SH 
waves. Then, Bouchon (1973) studied the 
semi-sine shaped hill in different shape 
ratios (ratio of hill height to the half 
width), by scattering SH waves. Later, 
Bard (1982) studied the scattering and 
propagation of the P and SV waves by 
surface irregularities. Besides, Sánchez-
Sesma and Campillo (1991 and 1993) 
studied seismic behavior of semi-
elliptical and triangular shaped hill under 
propagating of the P and SV waves by 
using the boundary element method in 
the frequency domain. Further, Ashford 
et al. (1997) performed a frequency-
domain parametric study using 
generalized consistent transmitting 
boundaries to evaluate the seismic 

response of steep slopes. They were able 
to distinguish between the amplification 
caused by topography and the one caused 
by the natural frequency that was 
advantageous to the development of a 
simplified method to estimate 
topographic effects. Zhang et al. (1998) 
used a hybrid discrete wave-number 
boundary element and finite element 
method to study the scattering of SV 
waves by the trapezoidal shaped hills. 
Bouckovalas and Papadimitriou (2005) 
conducted numerical analyses for the 
seismic response of step-like ground 
slopes in the uniform visco-elastic soil, 
under vertically propagating of SV 
waves. Kamalian et al. (2003 and 2006) 
developed a hybrid time domain 
boundary element / finite element method 
for seismic analyses and conducted an 
extensive study on two-dimensional 
semi-sine, semi-elliptical and trapezoidal 
shaped hill, under vertically propagating 
P and SV waves. Additionally, Kamalian 
et al. (2008) studied different parameters 
such as incident wavelength, shape ratio, 
Poisson’s ratio, and hill shape on ground 
amplifications under vertically 
propagating of SV wave. And recently, 
Sohrabi-Bidar et al. (2009a, 2009b, and 
2010) conducted a few parametric studies 
to demonstrate the three-dimensionality 
effects of the response of the simple 
topographic features. 

Most of the above-mentioned studies 
have been performed in the frequency 
domain. Among the recent works that 
have been performed in the time domain, 
the main part of the results has been 
considered in the frequency domain as 
well, e.g. conventional amplification 
spectra. 

In most of the previous works, time 
domain amplification parameters have 
rarely been considered. While the 
maximum value of ground motion 
parameters in the time domain, namely 
peak ground acceleration (PGA), peak 
ground velocity (PGV), and peak ground 
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displacement (PGD), are taken into 
account as the crucial criteria applied in 
quite a few design codes and practical 
purposes. Generally, three ranges of 
structural periods are likely to be 
determined within which the values of 
ground motion acceleration, velocity, or 
displacement are of the utmost 
importance. Short-period, moderately 
long-period, and exceptionally long-
period structures typically categorized 
within the ranges of less than 0.5, 0.5 to 
~2, and longer than 2-3 seconds, 
respectively, which are sensitive to PGA, 
PGV, and PGD in the order mentioned. 
The most frequently used parameter is 
the PGA, which is a traditional and 
immediate representative of induced 
seismic forces. Reference PGA on rock 
site is the main parameter, which is used 
in many structural codes to describe the 
seismic hazard level (Solomos et al., 
2008). The dependence of intermediate 
period structures on velocity is directly 
recognized by the Japanese code 2004 
(BSL, 2004), in which the PGV is used 
for the design of tall buildings. 

This study considers and discusses the 
amplification of the peak ground motion 
parameters in the time domain induced 
by simple topographic structures. For this 
purpose, the numerical approach has been 
adopted and the seismic response of 
Gaussian-shaped hills against vertically 
propagating SV waves of Ricker type has 
been calculated. Different geometrical 
dimensions, as well as different dominant 
frequency of incident waves, have been 
considered. The tabulated result has been 
presented and compared to the 
conventional amplification curves of 
topographic structures. 

 
2    Numerical Method and Verification 
In geotechnical engineering, different 
numerical modeling methods have been 
developed and are available for the study 
of seismic analyses. These are generally 
divided into two classes, Boundary 

methods (i.e. Boundary Element Method) 
and Domain Methods (i.e. Finite Element 
Method, Finite Difference Method, …). 
In this study, numerical modelings are 
performed by using the Finite Difference 
Method (FDM) and the FLAC code. 
 

 
Figure 1. Basic explicit calculation cycle of 
FLAC (Itasca, 2017). 
 

In FDM, each derivative in the set of 
governing equations is directly 
considered by the finite difference 
approximation of field variables in 
discrete points of space. The general 
calculation sequence used in the FLAC is 
shown in Figure 1. At first, the 
accelerations and velocities are derived 
by using the stresses and forces. After 
that, strain rates are calculated from 
velocities and new stresses from strain 
rates. Every cycle around the loop takes 
one time step and at each time the 
incremental displacements are added to 
the coordinates so that the grid moves 
and deforms with the constitutive 
formulation of the material it represents. 
The solution of the problem needs two 
types of equilibrium and constitutive 
equations. For dynamic analyses in a 
continuous solid body, the equilibrium 
equation is as follows: 
 
డఙ೔ೕ

డ௫ೕ
+ 𝑏௜ = 𝜌

డమ௨೔

డ௧మ                                        (1) 

 
where 𝜌 is the mass density, t is the time, 
𝑥௜ is the coordinate vector, 𝑏௜ is the body 
force vector and 𝜎௜௝ is the stress tensor 
for isotropic elasticity material the 
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constitutive equation which relates 
stresses to the strain of the body is as 
follows (Itasca, 2017): 
 
𝜎௜௝ ∶=  𝜎௜௝ +  

           ቄ𝛿௜௝  ቀ𝐾 −
ଶ

ଷ
 𝐺ቁ 𝑒̇௞௞ + 2 𝐺 𝑒̇௜௝

 

where 𝛿௜௝ is the Kronecker delta; 
the time step; 𝑒̇௜௝ are the components of 
the rate of strain and 𝐺 and 
shear and bulk modulus of the medium, 
respectively. 

In seismic analyses with domain 
method, the model size and artificial 
wave reflections from the boundaries are 
important issue. Based on the 
Bouckovalas and Papadimitriou (2005) 
suggestion in seismic analyses with 
FLAC, model sizes have been set eight 
times the half-width of the topographic 
features where at the distance points, the 
topographic effect was negligible, i.e. the 
results of 2D analyses and the free field 
motion was almost the same. Besides, in 
the mesh sensitivity analyses for models, 
Kuhlemeyer and Lysmer (1973) criteria 
have been satisfied. Accordingly, all the 
mesh dimensions should be smaller than 
λ/10, in which λ is the shortest 
wavelength of the incident seismic 
motion. 
 

Figure 2. The model of the canyon, dimensions, 
applied boundary conditions, and Incident wave.
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The model of the canyon, dimensions, 

applied boundary conditions, and Incident wave. 

The accuracy and the feasibility of the 
numerical method for seismic analyses of 
topographic structures 
through comparison of the numerical 
results with analytical solutions for 
seismic response of a particular case of a 
semi-circular shaped cany
shows the geometry, the dimension and
the boundary condition of the modeled 
canyon. The canyon has the radius of 
R=25 m and the medium soil has the 
shear wave velocity of Vs=500 m/s, the 
Poisson’s ratio of υ=1/3, and the mass 
density of ρ=2000 kg/m3. The canyon 
has been induced by the vertica
propagating SV wave of Ricker type. 
Displacement equation of the Ricker 
wave is as follows: 
 
𝑓(𝑡) =

𝐴௠௔௫ ൤1 − 2 ቀ𝜋. 𝑓௣(𝑡 − 𝑡଴)ቁ
ଶ

൨ . 𝑒𝑥𝑝

 
where fp, t0, and Amax are the predominant 
frequency of Ricker wave, time shift 
parameter and the maximum amplitude of 
the displacement time history, 
respectively. The predominant frequency 
of the Ricker wave is 10 Hz, time shift 
parameter is 0.15 s and the maximum 
amplitude of the displacement time 
history is 1 mm that should result in 
maximum amplitude of 2 mm in the 
surface free field condition. Figure 3 
shows the incident wave and free field 
motion time histories as well as the time 
domain seismic response of the selected 
points at the surface of the canyon. As 
can be seen, de-amplification of the 
motion in the center of the canyon is 
evident. Moreover, there is a clear 
amplification of the motion in the edge of 
the canyon. 
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the feasibility of the 
for seismic analyses of 

 was verified 
through comparison of the numerical 
results with analytical solutions for the 

response of a particular case of a 
circular shaped canyon. Figure 2 

shows the geometry, the dimension and 
the boundary condition of the modeled 
canyon. The canyon has the radius of 
R=25 m and the medium soil has the 
shear wave velocity of Vs=500 m/s, the 
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൨ 𝑒𝑥𝑝ି(గ.௙೛(௧ି௧బ))మ    (3) 

are the predominant 
frequency of Ricker wave, time shift 
parameter and the maximum amplitude of 
the displacement time history, 
respectively. The predominant frequency 
of the Ricker wave is 10 Hz, time shift 
parameter is 0.15 s and the maximum 

the displacement time 
history is 1 mm that should result in 
maximum amplitude of 2 mm in the 
surface free field condition. Figure 3 
shows the incident wave and free field 
motion time histories as well as the time 
domain seismic response of the selected 

ints at the surface of the canyon. As 
amplification of the 

motion in the center of the canyon is 
evident. Moreover, there is a clear 
amplification of the motion in the edge of 
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(a)                  

(c)                                                                                    (d)
Figure 3. Time histories of (a) the incident and surface free field; the seismic response in 
(c) point x/R=0.5 and (d) point x/R=1.0 on the canyon.
 
 

Figure 4. Numerical results for the canyon topography in comparison with analytical solution (Wong, 1982) 
in term of amplification with respect to the incident waves.
 

Wong (1982) used an analytical 
method to find the seismic response of a 
semi-circular shaped canyon for the 
particular wavelength of incident 
motions. For comparison, the Fourier 
transform of the time domain results have 
been performed and Fourier amplitude 
spectra have been calculated. Figure 4 
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(a)                                                                                    (b)

(c)                                                                                    (d)
Time histories of (a) the incident and surface free field; the seismic response in 

(c) point x/R=0.5 and (d) point x/R=1.0 on the canyon. 

Numerical results for the canyon topography in comparison with analytical solution (Wong, 1982) 
in term of amplification with respect to the incident waves. 

Wong (1982) used an analytical 
method to find the seismic response of a 

circular shaped canyon for the 
particular wavelength of incident 
motions. For comparison, the Fourier 
transform of the time domain results have 

med and Fourier amplitude 
spectra have been calculated. Figure 4 

shows the amplification values with 
respect to the incident motion for a 
particular wavelength ratio of λ/R=2 
along with the analytical solution for the 
horizontal (Ux) and the vertical (Uy) 
components of the ground surface 
displacement. 
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Time histories of (a) the incident and surface free field; the seismic response in (b) point x/R=0.0, 

 
Numerical results for the canyon topography in comparison with analytical solution (Wong, 1982) 

shows the amplification values with 
respect to the incident motion for a 
particular wavelength ratio of λ/R=2 
along with the analytical solution for the 
horizontal (Ux) and the vertical (Uy) 
components of the ground surface 
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Figure 5. Geometrical parameters of the Gaussian
 
3    Methodology of Parametric Study
In order to investigate the amplification 
of time domain ground motion 
parameters by the topographic structures, 
the numerical seismic response of a set of 
the two-dimensional Gaussian
hills has been studied. The geometry of 
the Gaussian-shaped hills is defined as 
follows: 
 

𝜉(𝑥) = ቊ
0.5ℎ ቀ1 + cos ቀ

గ௫

௕
ቁቁ,      |𝑥

0,                                      |𝑥
 

where b and h denote the half
height of the hill, respectively. The 
Gaussian-shaped hills have the fixed 
half-width of 100 m and the different 
heights ranging from 10 m to 100 m. 
Figure 5 shows the geometry and 
dimensions of the modeled two
dimensional Gaussian-shaped hills. For 
simplicity, the shape ratio (SR), the 
ratio of height to half-width, is used as 
 

𝑓′(𝑡) = 𝐴௠௔௫ . ൦
−4𝜋ଶ. 𝑓

− 2𝜋ଶ. 𝑓௣
ଶ(𝑡 − 𝑡଴). ൬
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Geometrical parameters of the Gaussian-shaped hills as well as the model dimensions.

Methodology of Parametric Study 
the amplification 

of time domain ground motion 
parameters by the topographic structures, 
the numerical seismic response of a set of 

dimensional Gaussian-shaped 
hills has been studied. The geometry of 

shaped hills is defined as 

𝑥| ≤ 𝑏

𝑥| > 𝑏

        (4) 

where b and h denote the half-width and 
height of the hill, respectively. The 

shaped hills have the fixed 
width of 100 m and the different 

heights ranging from 10 m to 100 m. 
Figure 5 shows the geometry and 
dimensions of the modeled two-

shaped hills. For 
simplicity, the shape ratio (SR), the 

width, is used as 

the geometrical factor of the studied 
hills. The shape ratios of considered 
hills are 0.1, 0.3, 0.5, 0.7, and 1.0. The 
medium is considered to
homogeneous linear elastic and has the 
shear wave velocity of 800 m/s (A
soil condition of conventional building 
codes), the Poisson’s ratio of υ=1/3, and 
the mass density of ρ=2400 kg/m
Considered models are impinged by the 
vertically propagating SV waves of 
Ricker type. To recognize the effects of 
the predominant frequency (or inversely 
the predominant period) of the incident 
motion on the time domain ground 
motion parameters, twelve incident 
Ricker waves with different periods 
have been applied. Displacement 
waveform of the Ricker wave presented 
in Equation (3). Velocity and 
acceleration waveform of the incident 
Ricker wave are as follows:

𝑓௣
ଶ(𝑡 − 𝑡଴). 𝑒𝑥𝑝ିቀగ.௙೛(௧ି௧బ)ቁ

మ

) ൬1 − 2 ቀ𝜋. 𝑓௣(𝑡 − 𝑡଴)ቁ
ଶ

൰ . 𝑒𝑥𝑝ି(గ.௙೛(௧ି௧బ))మ
൪                                  
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                                   (5) 

   (6) 
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It is noteworthy that for simplicity all 
of the results have been discussed in the 
terms of dimensionless periods (T) 
defined as T=λ»2b; where λ is the 
wavelength and 2b is the hill width. In 
this way, twelve Ricker waves with 
displacement predominant dimensionless 
period of 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 
3.0, 4.0, 6.0, 8.0, and 10.0 have been 
used. The values of the maximum 
displacement amplitude for all the 
incident waves are the same and have 
been chosen to be 1 cm. The time shift 
parameters of the incident waves are 
proportional to the predominant period of 
the incident wave. It should be mentioned 
that in the case of the specific incident 
Ricker wave, the predominant frequency 
may differ for displacement, velocity, and 
acceleration. For example, in the case of 
the Ricker wave with displacement 
predominant period of 1.0, the velocity 
predominant period and the acceleration 
predominant period are √1.5 and √2, 
respectively. 

Before the parametric analyses, the 
model dimension sensitivity analyses 
conducted in order to reduce the effects 
of artificial wave reflections from the 
boundaries at the areas of interest. It 
shows that by fixing the width of the hill 
as 200 m and variable height, the width 
and the height of the model should be set 
to 8b and 5h, respectively, which are 
generally compatible with those have 
been used by Bouckovalas and 
Papadimitriou (2005). Besides, the mesh 
dimension of the discretized area is 
properly chosen to fulfill the Kuhlemeyer 
and Lysmer criterion (1973) in which the 
effective element dimensions are less 
than λ/10; where λ is the wavelength of 
the considered wave. 
 
4 Acceleration, Velocity, and 
Displacement Amplification Values 
Based on the engineering interests, the 
general results obtained from the 
numerical analyses of the seismic 

responses of the two-dimensional 
Gaussian-shaped hills are presented. 
Figure 6 illustrates a part of time domain 
responses at selected points on the 
surface of the hills with different shape 
ratios. The selected points in each hill 
include the crest point, three points along 
the slope and the toe point of the hill. 
Incident waves are vertically propagating 
SV-waves of Ricker type with 
displacement predominant period of 1.0 
sec and the time shift parameters of 2 sec. 
This means that the displacement 
predominant dimensionless period of 4.0, 
i.e. the predominant wavelength are four 
times the hills width. In three columns of 
Figure 6, the displacement, the velocity, 
and the acceleration time histories have 
been presented as well. The same scale 
has been used for presented plots for each 
component of the motion; where the 
general comparisons can be done easily. 
As can be seen, the motions have the 
highest values in the crest of the hills and 
from the crest points to the toe point 
amplitude of the all motion components 
(displacements, velocities, and 
accelerations) decrease. Figure 6 also 
shows the effects of the shape ratio in the 
time domain seismic response of the 
hills; as can be seen, the shape ratio or 
the geometry plays a remarkable role in 
controlling the seismic response of the 
hills. There is a little delay of wave 
arrival times related to the height of the 
selected points on the hills. Generally, in 
all of the selected points, the highest 
value of the motions belong to the highest 
hill and the amplitude of the motions 
decrease with decreasing shape ratio. 
Following the general pattern of the 
amplification along the hills, the effects 
of the shape ratio on seismic response 
decreases from crest points to the points 
along the slope of the hill and it can be 
ignored at the toe points. 

The PGA, PGV, and PGD values of 
the surface motions at the selected points 
on the hills have been extracted and their 
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amplification with respect to the PGA, 
PGV, and PGD on the free field have 
been calculated. In Table 1, the results 
have been presented for five selected 
points on the hills, and the five shape 
ratios have been considered as well. Each 
row contains the amplification values for 
the specified dimensionless predominant 
period of the incident motions. A colored 
scale has been used for simplicity and 
trend evaluations, where the red colors 
express the amplification values and the 
blue colors express the de-amplification 
values, also the white color is set to the 
value of 1.0, i.e. the neutral value. 

According to Table 1, it is evident that 
in most cases of the incident motions, the 
maximum amplification of motions has 
occurred on the crest of the hills. While, 
as another important result, it can be 
comprehended that the maximum de-
amplifications in time domain do not 
necessarily occur at the hill-toe. This is in 
faint contrast to the common statement 
resulted from Figure 6, where only one 
specific dimensionless period of 4.0 has 
been taken into account. It is evident that 
the location of the occurrence of 
maximum de-amplification of motion in 
time domain varies with respect to the

 

 
Figure 6. Time domain responses at five selected points on the hill surface against the Ricker SV waves with 
displacement predominant dimensionless period of 4.0. 
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Table 1. Amplification values of PGA, PGV and PGD for the Gaussian-Shaped Hills against the Ricker SV 
waves with different predominant periods. 
 

 
 
dimensionless periods of the incident 
motions. Roughly speaking, as the 
dimensionless period of the incident 
motions decreases; in each case of 
displacement, velocity, or acceleration; 
the location of the minimum 
amplification, or de-amplification, on the 
surface moves upside the hill. 

A close examination of Table 1 leads 
us to conclude that the seismic response 
of the hills is generally amplified when 
impinged by the incident waves with very 
long wavelengths, i.e. displacement 
predominant dimensionless period equal 
or greater than 6.0. In these cases of 

incident motions, the maximum 
amplification values of the motion 
increase with the shape ratio. For middle 
wavelengths, i.e. displacement 
predominant dimensionless period of 
greater than 1.0 to 4.0, the most part of 
the hills would experience the 
amplification, but in some parts of the 
hill in the toe side, de-amplifications will 
occur. In these cases of incident motions, 
generally, the amplifications on crest side 
and de-amplification on the toe side of 
the hills increases with increasing shape 
ratios. For short wavelength, i.e. incident 
motions with a predominant wavelength 
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less than the hill width, de-amplifications 
on the hills, especially on the toe side, are 
predominant, where its maximum 
location moves upward on the hill with 
decreasing wavelength. In the later cases 
of the incident motion, amplifications 
only could be seen on the crest point and 
the point near the crest of the hills. In 
these cases, the maximum amplifications 
or de-amplifications do not belong to the 
maximum shape ratio, i.e. the highest 
hill, and the maximum values have been 
occurred in the middle shape ratios. 

Additionally, presented amplification 
values in the table reveal that, for a 
specific point on a hill with a specific 
shape ratio and almost the same 
predominant dimensionless period for 
incident motion (regardless of its motion 
type i.e. displacement, velocity or 
acceleration), there is a comparable 
amplification value. This similarity of 
amplification for a particular 
predominant dimensionless period could 
be followed in different shape ratios. 
 
5    Time Domain Amplifications 
against Fourier Amplifications 
It is common to state the site effects on 
the ground motion during earthquakes by 
using the Fourier amplification curves. 
Such amplification curves for each point 
could be calculated using the ratio of the 
Fourier amplitude of the motion with 
respect to the Fourier amplitude of the 
reference motion at the desired reference 
point. For a linear elastic system and a 
given frequency of the input motion, the 
seismic response amplification with 
respect to the input motion is independent 
of the amplitude of the input. For this 
type of system, i.e. those considered in 
this study, unique Fourier amplification 
curves are expected for each observation 
points, regardless of the input motion 
amplitudes. At the current study, the 
Fourier amplification curves of the 
motion have been calculated for the 
selected points on the hills with respect to 

the free field motions. As expected for 
any given point on the hill, the Fourier 
amplification curves in the cases of 
various predominant periods of incident 
motions were completely compatible 
with each other. The representative 
Fourier amplification curves for each 
point, compiled from the twelve Fourier 
amplification curves for twelve 
predominant periods of the input 
motions, have been presented in Figure 7. 
In this figure, also the amplification of 
PGA, PGV, and PGD values have been 
presented against the predominant 
dimensionless period of their input 
motions. Calculations of Fourier 
amplification curves and extraction of 
peak ground motions had been done for 
all shape ratios and the graphs were 
provided for five shape ratios; however, 
considering that the amplification values 
in shape ratio of 0.1 for both time domain 
and frequency domain are ignorable, its 
results are not presented in Figure 7. 

As can be seen, the seismic responses 
of the two-dimensional Gaussian-shaped 
hills consist of the amplification and the 
de-amplification, with regard to the 
frequency content of the input motion. 
This behavior can be comprehended from 
both time domain amplification ratios of 
PGA, PGV, and PGD values as well as 
the Fourier amplification ratios. There is 
a gentle variation of the Fourier 
amplification curves in the crest and the 
crest side of the hills; while there is a 
large variation of the Fourier 
amplification curves in the toe and the toe 
side of the hills. Increasing the shape 
ratio of the hill intensifies the severity of 
the Fourier amplification curve with a 
dimensionless period. In contrast, the 
time domain amplifications of PGA, 
PGV, and PGD values generally have a 
gentle variation with the dimensionless 
predominant period in all points of 
observation and shape ratios. This is not 
surprising, where the time domain 
amplification values contain the seismic 
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responses over a range of a frequency 
content of the input motion, i.e. the same 
as a weighted average of the seismic 
response around the given predominant 
period. Taking the later mentioned issue 
and Figure 7 into account, it can be seen 
that there are general agreements between 
the results of the time domain 
amplification of PGA, PGV, and PGD 
values and that of the frequency domain, 

the Fourier amplification ratios. Precisely 
speaking, there are characteristic 
dimensionless periods, more than ~1.0 in 
all shape ratios, at which a well-matched 
relationship can be observed between 
both groups of time domain and 
frequency domain amplifications. For the 
dimensionless period range less than 
~1.0, time domain results seem to show a  

 
 

 
(a)                                                                     (b) 

Figure 7. Fourier amplification ratio vs. dimensionless period along with amplification of PGA, PGV, PGD. 
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(c)                                                                     (d) 

Figure 7 continue. 
 
regular behavior, but frequency 
amplification curves are fluctuated 
drastically, that made it hard to conclude 
in a detailed manner; however, there is a 
general agreement yet, if the averaged 
Fourier amplification would be 
considered. As another fact, it can be 
seen that in almost any case, the 
amplification values, whether in the time 
domain (amplification of the peak 
acceleration, velocity, and displacement) 

or in the frequency domain (the Fourier 
amplification ratios), gradually reach to 
1.0 at dimensionless period 10. It means 
that it is unlikely to have amplification or 
de-amplification potential for a 
dimensionless period more than 10, i.e. 
waves with the wavelength greater than 
10 time the hill width. 

When two groups of time domain and 
frequency domain results are compared 
against dimensionless period, it can be 
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concluded that one can use amplification 
ratios in the frequency domain to 
estimate the amplification ratios in the 
time domain at any point along the hill. 
This is more reliable if the averaged 
Fourier amplifications over a frequency 
range would be used instead of the 
explicit Fourier amplification curves. 
Subsequently, this issue paves the way to 
use results of previous studies, most of 
which were conducted in the frequency 
domain, to evaluate the amplification 
potentials of PGA, PGV, and PGD in the 
time domain. 

 
6    Conclusion 
The clear perspectives of the 
amplification of peak ground 
acceleration, velocity, and displacement 
of two-dimensional Gaussian-shaped hills 
subjected to vertically propagating SV 
Ricker wave were presented. Presented 
results show that the response of the hill 
against the large wavelength (greater than 
the six times the hill width) is totally 
amplification, the quantity of which 
related to the point location on the hill 
and the height of the hill. In middle 
wavelength (equal to hill width to less 
than four times the hill width) seismic 
response is amplified in crest side and is 
de-amplified in toe side, where 
amplifications or de-amplifications is 
increased with hill height. For short 
wavelengths (less than the hill width), the 
seismic response on the most part of the 
hill is de-amplified and amplification 
exists only on the crest and near crest 
points, where the maximum amplification 
or de-amplifications do not necessarily 
belong to the high hills. Generally, by 
decreasing the predominant period of the 
incident motions, the de-amplification 
zones have been developed on the hill 
and location of the maximum de-
amplification values moves upside the 
hill. Comparison of the amplification of 
PGA, PGV, and PGD values with the 
common Fourier amplification curves 

showed that, in general, there is a well-
matched correlation; meanwhile, the time 
domain amplifications of PGA, PGV, and 
PGD values have a gentle variation with 
the dimensionless predominant period. It 
seems that one can give a reliable 
estimate of time domain amplification of 
PGA, PGV, and PGD using averaged 
Fourier amplifications over the suitable 
range of frequency around the 
predominant period of input motion. 
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