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This study aims to rigorously examine the influences of the vertically propagating
recorded strong ground motions on the trapezoidal-shaped hills in different sizes
and shape ratios. In order to generalize the results of the study, one-dimensional
as well as two-dimensional analyses are conducted. Then, intended results are
represented in dimensionless form as a result of which amplification ratio patterns
are extracted and compared with each other in terms of displacement, velocity, and
acceleration. Similarly, corresponding response spectra ratios are derived on
significant points on hill-crest, hill-side, and beside of that, and juxtaposed in
diagrams. Results of the assessment are put together with that of recent studies
and predictions of the reliable codes. An adequate agreement between maximum
values of amplification ratios obtained in time-domain analyses and spectral
analyses makes us hopeful to think of connecting time-domain parameters with
spectra-related ones to propose an accurate equation, which considers more
effective variations regarding the topographic seismic effects and gives most
reliable prediction. However, here, an equation has already been suggested to
draw amplification ratio patterns on different points of the hill for a limited hill-
shape, dimension, media characterization and constitutive model. Comparing the
estimations of the amplification ratio patterns using different methods proves that,
considering potent parameters related to the time-domain and frequency-domain,
the proposed equation is more efficient than the other codes.
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ABSTRACT

1. Introduction

Recent evaluations of recorded ground motions
and construction damages during the earthquakes
have demonstrated significant influences of surface
irregularities on patterns of surface wave pro-
pagation. Researchers' observations during 1983
Coalinga earthquake [1], 1985 Chile earthquake [2],
1987 Superstition Hills earthquake [1], and 1999
Greece earthquake [3-4] and recorded accelerations
in Pacoima Dam during 1971 San Fernando earth-
quake [5-6] and Tarzana Hill (1.78 g) during 1994
Northridge earthquake [7] are some examples of

the earthquake events where topography had an
effective role in damage distributions.

Boore [8] used finite difference method to
evaluate the triangle-shaped hill induced by SH
waves. Bouchon [9] studied the semi-sine shaped
hill in different shape ratios by scattering SH waves.
Bard [10] studied scattering and propagating of P
and SV waves on surface irregularities. Sanchez-
Sesma [11] evaluated the diffraction and dispersion
of SH waves on triangle shaped hill. Bouchon
[12] and Gaffet and Bouchon [13] used discrete
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wave-number boundary element method to study
P, SV and SH wave propagations on surface topo-
graphies. Sanchez-Sesma and Campillo [14-15]
studied the seismic behavior of semi-elliptical and
triangle-shaped hills under propagation of P and
SV waves using boundary element method in
frequency domain. Ashford et al. [16] performed
a frequency-domain parametric study using
generalized consistent transmitting boundaries to
evaluate the significance of topographic effects on
seismic response of steep slopes. They successfully
separated the topography induced amplification
from natural frequency origin amplification that
can be used to develop a simplified method to
estimate topographic effects. Zhang et al. [17] used
hybrid discrete wave-number boundary element
and finite element method to scatter SV waves
to the trapezoidal-shaped hill. Bouckovalas and
Papadimitriou [18] conducted numerical analyses
for the seismic response of step-like ground slopes
in uniform viscoelastic soil under vertically
propagation of SV seismic waves. Kamalian et al.
[19-20] conducted a comprehensive study using
boundary element method and hybrid boundary
element and finite element method on two-
dimensional semi-sine, semi-elliptical, and trape-
zoidal-shaped hills under vertically propagating
P and SV waves. In addition, Kamalian et al. [21]
studied different parameters such as incident wave
length, shape ratio, Poisson ratio and hill shape on
ground amplifications under vertically propagating
of SV Ricker wave. Sohrabi-Bidar [22] and Sohrabi-
Bidar et al. [23-25] used three-dimensional boundary
element method to study different shapes of
surface irregularities in time domain. Furthermore,
Sohrabi-Bidar and Kamalian [26] assessed the
seismic behavior of the 2D and 3D Gaussian-shaped
hill. They showed that wavelength, shape ratio,
dimension ratios, and wave type are the key
independent parameters governing the amplifying
behavior of the hills.

The concept of a response spectra was first
introduced by Housner [27] and Biot [28]. Spectra
have been widely used for the purposes of
differentiating the significant characteristics of
accelerogram records and provided a simple method
of evaluating the seismic response of all types of
structure. Housner [29], Hayashi et al. [30], Mohraz
et al. [31], Blume et al. [32], Newmark et al. [33],

Seed et al. [34] and many others extensively
studied the response spectra of the different types
of sites induced by different earthquake records.
Nonetheless, all these investigations were based
on the results of one-dimensional analysis. The
extensive experimental studies conducted by
Borcherdt [35-36] showed that the short period site
coefficient could be approximated as the spectral
amplification averaged over the period interval 0.1
to 0.5 second, whereas the moderately long period
site coefficient could be approximated as the
spectral amplification averaged over the period
interval 0.4 to 2.0 second.

Assimaki et al. [37] introduced the concept of 2D
over 1D response spectral ratio to describe the
effects of topography as a function of local soil
conditions. They suggested a frequency and location-
dependent topographic aggravation factor to be
introduced for the modification of design spectra in
a seismic code. Kamalian et al. [38] estimated
the seismic site coefficients for the crest of the
semi-elliptical shaped hills with various shape ratios
that were period dependent and therefore more
representative of the amplification pattern of 2D
hills, whereas the constant topography factors
proposed by AFPS [39] and Eurocode [40] do not
take this important controlling factor into account.

In this study, different sizes of the trapezoidal-
shaped hills with different shape ratios analyzed
under vertically propagating of the far-fault
earthquake records. Then, in order to gain a
dimensionless form of results, their amplifications
on the ground in two-dimensional models were
divided to their corresponding amplifications in
free field in time domain. For further investigation,
response spectra on significant points on the hills and
besides were compared with each other. Then, the
results of spectral assessing were used to correct
the amplification ratios presented in time domain.

2. Methodology of Parametric Study

Numerical modeling conducted using finite
difference method implemented in FLAC2D to
evaluate the effects of ground motion records on
seismic behavior of the trapezoidal shaped hills.
It should be noted that the explicit method in
this software is used to solve the models that is
appropriate for dynamic analyses. In order to verify
the feasibility of the numerical method for seismic
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analyses of topographic structures, response of a
particular case of a canyon in the linear visco-elastic
soil has been calculated. As shown in Figure (1),
the canyon has the radius of R = 25 meters 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 excited by the vertically propagating
SV wave of Ricker type, the displacement equation
of which is as follows:

( )( ) ( )( )2
0

2 .
max 0( ) 1 2 . .   

     
pf t t

pf t A f t t e − π − = − π −         (1)

A typical comparison between numerical and
analytical predictions [41] for the horizontal (Uh)
and the vertical (Uv) components of the normalized
peak ground surface displacement versus dimen-
sionless distance is shown in Figure (2), where L
is width of valley and X is distance away from
valley center.

Figure 1. Typical model of the canyon of 25 m radius, the
total dimension and applied boundary conditions.

Figure 2. Numerical results for the canyon topography in
comparison with analytical solution in terms of the normalized
peak ground surface displacement [41].

In order to parametrically evaluate the trap-
ezoidal-shaped hills, shape ratios (SR) of 0.1, 0.3,
0.5, and 0.7 with the hill-width (B) of 200,400 and
600 meters and slope of 45 degrees have been
considered. In this study, the results have presented
for specific case of uniform site material with
VS = 760 m/s, Poisson's ratio υ = 0.4 (Elasticity
modulus E = 4 GPa) and mass density ρ = 2400 kg/m3.
A schematic illustration of the 2D analyzed model
and the boundary conditions are presented in
Figure (3). To reduce the effects of artificial wave
reflections from the boundaries at the area of
interest, the height of the model sizes is set at
least to 5H [18]. In addition, the width of the
models is set to 8 ×(B / 2), the distance from which
the topographic effects more or less dissipate, i.e.
the peak ground surface response of 2D analyses
and 1D analyses (free field) become almost com-
patible. To apply dynamic damping, Rayleigh
method is used by defining two parameters, central
frequency and critical damping ratio. Critical
damping ratio is set to be 0.05 that is practical for
rocky media. Besides, central frequencies have
considered to be the same as the natural period of
the models (lowest free vibration frequency of
whole 2D model) which had been obtained from the
modal analyses of the 2D models. For gaining the
natural period of the models, 2D simulations are
performed and analyzed in ANSYS software.

To exclude other causes of amplification except
the topography-induced amplification, the results
have been represented in dimensionless amplifi-
cation ratio forms. The amplification ratios are
obtained by dividing the values of the surface
peak ground motion of 2D analyses to that of 1D
profile analyses with the same properties at each
specific point. The 1D profiles at the different

Figure 3. Schematic illustration of finite difference model for a
two-dimensional trapezoidal-shaped topography.
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points on the surface for the hill of 200 m width
and 0.7 shape ratio are shown in Figure (4). The
1D models have analyzed using FLAC software as
well.

Then, the models have induced by vertically
propagating of twelve far-fault strong ground
motion records listed in Table (1). It should be
mentioned that far-fault records are selected using
IBC [42] criteria according to which moderate
magnitude range of 6-7.5, epicenteric distance more
than 20 km, PGA range of 0.8-1.86 m/s2, and site
classification of shear wave velocity more than
(Vs) 750 m/s are taken into account.

To apply the mesh sensitivity for the models,
Kuhlemeyer and Lysmer [43] criteria was satisfied.
Subsequently, all dimensions of the mesh should be
less than λ  /10, where λ is incident earthquake
record wavelengths as a result of which specific
range of the frequencies are filtered. To do so,
Chebyshev low pass filtering applied using
SeismoSignal software.

Figure 4. Schematic illustration of one-dimensional profile
models at different points on the trapezoidal-shaped hill with
0.7 shape ratio and 200 m hill-width.

Table 1. Far-fault earthquake records and station details adapted from PEER strong motion database [44].

3. Results and Discussion
3.1. Time Domain Results

The average amplification ratios of ground
motion parameters are shown in Figures (5) and (6).
To do so, the twelve earthquake records used as
excitation and the results are shown for a 200-
meter-wide hill and for different shape ratios (SR),
defined as the ratio of height of the hill on the half-
width of the hill. The amplification ratios are obtained
by dividing the peak ground acceleration (also
velocity and displacement) of the horizontal
component of the motion resulted from 2D analysis
to the corresponding peak ground acceleration
(also velocity and displacement) in free field (1D
analysis). It can be seen that the amplification ratio
pattern increases as the shape ratio of the hill
increases from 0.1 to 0.7. Raising the amplification
ratio pattern governs in all ground motion para-
meters, acceleration, velocity, and displacement;
however, the amount of values are different. The
aggravating effect of topography on the hill decreases
as the ground motion parameter changes from
acceleration to velocity and from velocity to dis-
placement. The amplification ratios at different
surficial points on the crest of the hill with the
shape ratio of 0.7 and  the hill-width of 200 m reaches
up to 1.6, 1.4, and 1.2 for acceleration, velocity, and
displacement, respectively.

When the hill enlarges, it increases in B, the
influence of topography on velocity and displacement
seems to be more than its effect on acceleration. In
other words, the acceleration amplification ratio do
not change notably, while the velocity amplification
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Figure 5. Shape ratio effect. The amplification ratios at
different points on the ground surface in terms of horizontal
acceleration, velocity, and displacement; for the hills of 200 m
wide and various shape ratios; the amplificat ion rat io
patterns are averaged for the twelve strong ground motion
records.

ratio raises, and even, the displacement amplification
ratio raises more than that of velocity. This is due to
the fact that displacement records have longer
wavelength than that of velocity, and also velocity
records have longer wavelength than that of
acceleration; thus, it is expected that the increase
in hill-width is to amplify longer wavelengths.

Acceleration is less sensitive to the increase in
hill-width when it comes to compare with velocity
and displacement. Figure (7) shows a correlation
between the acceleration amplification ratios of the
crest of the trapezoidal hills, averaged over the
twelve far-fault earthquake records, and shape
ratios of the hill. This correlation is simplified to a
linear function (Equation 2) as follows:

Figure 6. Hill-width effect. The amplification ratios at
different points on the ground surface in terms of horizontal
acceleration, velocity, and displacement; for the hills with
0.7 shape ratio and various hill-widths; the amplification
ratio patterns are averaged for the twelve strong ground
motion records.

( ) ( )2 1 0.81  acc
DA SRD = +                                   (2)

3.2. Response Spectra

To assess the topographic effects on seismic
behavior of the trapezoidal-shaped hill in terms of
the response spectra of the linear single-degree-
of-freedom (SDOF) oscillators, points A (X/L = 0),
B (X/L =  0.3), C  (X/L =  1), and D  (X/L =  2) are
selected at specific distances from the hill center.
Then, in the cases of the hills of different shape
ratios (0.1, 0.3, 0.5, and 0.7) and hill widths (200,
400, and 600 m), their acceleration, velocity and
displacement response spectra, resulted from 1D
and 2D analyses are compared with each other.
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Figure 7. The relation between the maximum amplification
ratios at the crest of the trapezoidal shaped hills for different
hill-widths and shape ratios

To do so, response spectra for all the twelve
records at considered points (A, B, C, and D) are
calculated for 1D and 2D modeling. And then, the
mean spectrum is determined to be a representative
curve. For instance, as it is shown in Figure (8), at
the first step (a), the mean spectrum out of the
twelve records resulted from one-dimensional
analysis is determined; and at the second step (b),
the mean spectrum out of the twelve records
resulted from two-dimensional analysis is calcu-
lated, and finally (c), the result of stage two divided
by that of stage one makes the representative
spectral amplification curve.

In order to distinguish the outstanding differences
of two-dimensional analysis-type with the one-
dimensional one, Figure (9) is presented in terms of
spectra that illustrates the spectral amplification
ratio curves for acceleration, velocity, and dis-
placement at the points A, B, C, and D on the hills
of 0.7 shape ratio and different hill widths. In
general, the spectral amplification ratio curves at
the points A and B have more or less values higher
than one that means spectral amplification for all
periods, except those of less than 0.3. On the other
hand, at the points C and D, located at the toe of
hills, de-amplification mostly is observed. Formerly,
these amplifications and de-amplifications have
been noticed in time domain assessments by others
[19-20, 26, 38, 45-46]. As it is clear in Figure (9),
the larger the hill becomes, the wider the topography
affected period intervals extend, i.e. amplification at
the points on the crest of the hill and de-amplification
at the points on the hill toe influence on longer period
intervals, and also, the greater, in the cases of the

Figure 8. Acceleration response spectra resulted from 1D
analyses (a) and 2D analyses (b) and the representative
spectral amplification ratio curve (c) at center of the crest
(point A) for a trapezoidal-shaped hill with the shape ratio of
0.7 and the hill-width of 200 m.

points A and B, the spectral amplification ratio
values show.

According to the engineering considerations, an
incident wave, the wavelength of which is 0.25
to 8.33 times the width of the hill, has enough
susceptibility to be affected by the ground surface
irregularities in a remarkable manner. Here, this
broad period interval is divided into the following
ten sub-intervals: 0.25 - 0.5 (P1), 0.5 - 1.0 (P2), 1.0 -
1.5 (P3), 1.5 - 2.0 (P4), 2.0 - 3.0 (P5), 3.0 - 4.0 (P6),
4.0 - 5.0 (P7), 5.0 - 6.0 (P8), 6.0 - 7.0 (P9), and
7.0  -  8.0 (P10). To generalize the discussion,
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Figure 9. Acceleration, velocity and displacement response spectra ratios resulted of 2D and 1D analyses at points A, B, C and D;
for 0.7 shape ratio and various hill widths; averaged for 12 strong ground motion records.
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Table 2. Period sub-intervals (second) for the three different hill-widths and dimensionless period sub-intervals.

dimensionless period sub-interval is defined as a
ratio in which the amount of the wavelength of the
incident motion is divided to that of the hill-width.
Table (2) presents period sub-intervals calculated
for the three different hill-widths and ten P i
(dimensionless period sub-intervals).

Tables (3) and (4) have calculated for the
diagrams related to the points A and B in Figure (9)
with a corresponding classification presented in
Table (2). Putting all the results of Tables (3) and

Table 3. Spectral amplification ratios of the point at the hill crest (point A) for different shape ratios, hill widths, and dimensionless
period sub-intervals.

Table 4. Spectral amplification ratios of the point at top edge of the hill slope (point B) for different shape ratios, hill widths, and
dimensionless period sub-intervals.

(4), amplification ratios in spectral-domain; that of
Figures (5) and (6), amplification ratios in time-
domain; and that of Kamalian et al. [21], conducted
in spectral-domain by means of propagating SV
wave of the Ricker type, together, one can clearly
see an agreement among the amplification ratio
values. Elaborately speaking, the maximum
amplification ratio values shown in Figures (5) and
(6) are compatible with those presented in Tables (3)
and (4) in dimensionless period sub-interval 2 - 4
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(P5 and P6), and also with those presented in
Kamalian et al. [21] studies over the dimensionless
period sub-interval 2 - 4.17. These results highlight
specific dimensionless period band in which incident
wave most amplifies. Amplification ratio values
gradually mitigate for the dimensionless periods
less than 2 and for those of more than 4. In addition,
this agreement reveals the fact that potential
amplification ratio value approximated in time-
domain analyses is congruous with that calculated
in spectral-domain. This conclusion paves the way
to estimate the highest amount of amplification
ratio in time-domain using the spectral-based results
of previous studies conducted by other researchers.

There are a number of blanked areas in Tables
(3) and (4). That is due to the two main reasons
stated herein. First, in order to satisfy Kuhlemeyer
and Lysmer element size qualifications [43], the
frequency band more than 7.6 Hz (i.e. the period
band less than 0.15 second) is filtered for all records.
Therefore, all response spectra represented here are
reliable for the periods more than 0.15 seconds.
Additionally, it is convention in engineering codes
to present periods up to the period 4 seconds. With
all this in hand, the amplification ratios have only
calculated for accurate period band - that is - 0.15 to
4 seconds.

Equation (2) is presented according to time-
domain results. However, the Equation (3) is a
developed form of the Equation (2) and takes the
spectral amplification ratios to account. It predicts
the amplification ratio of the crest of the trapezoidal-
shaped hill (e.g. points A and B) for any interested
period considering the various hill widths, the shape
ratios, and the averaged shear wave velocity of the
media (Equation 4).
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where SR is the shape ratio of the trapezoidal-shaped

hill, P is the dimensionless period, Vs is the averaged
shear wave velocity of the site, B is the width of the
hill, and T is the period the amplification ratio of
which is expected to be estimated.

4. Comparing the Results with Codes

EC 8 and AFPS 90 are among the most important
codes taking the topographic effects into account
in their seismic designs [39-40]. EC 8 puts an
aggravation factor forward considering the whole
shape of the two-dimensional hill and its average
slope angle. Though, AFPS 90 defines the aggrava-
tion factor considering the angles of successive
surface irregularities along the hillside. Thus, the size
of the hill is not mentioned in both methods to
estimate the aggravation factor.

Here, the results of the numerical method
extracted from the time-domain analyses, those of
EC 8 and AFPS 90, and the estimated amplification
factor patterns calculated by Equation (3), called
"this study", are compared for different shape ratios
and hill widths at the points on the hill surface and
its beside as shown in Figures (10) to (13). Using
Equation (3) needs three considerations: First, since
the estimation of the maximum amplification ratio
is required, the dimensionless period range of
2 4P≤ ≤  is selected. Second, for the ground
surface points beside the hill, the amplification
ratio is overestimated to be 1. Third, for the ground
surface points on the slope of the hillside, the am-
plification ratios linearly decline from the value
calculated by Equation (3) at upper edge of the slope
to the value 1 at the lower edge of the slope.

All three estimating methods try to put forward
a reasonable value for any point on the hill, hillside,
and beside it. Nevertheless, there are some
differences that are rigorously discussed hereunder.
It is crystal clear how Equation (3) can reliably
estimate the amplification ratio patterns when it
comes to be compared with the codes. Since it has
the parameters P and SR, it takes into consideration
the hill-width and the height of the hill, respectively.
Subsequently, its results varies for different SR and
B. As expected, it presents acceptable amplification
ratio patterns for almost all conditions. Comparing
the estimations of two codes shows that even EC 8
is more reliable than AFPS 90. EC 8 has good
agreement in shape ratios 0.5 and 0.3; however, it is
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Figure 10. Comparison of the amplification ratio patterns for
the trapezoidal-shaped hill with 0.7 shape ratio and various
hill-widths using four methods: numerical method, AFPS 90
code, EC 8 code, and the proposed equation (this study).

Figure 11. Comparison of the amplification ratio patterns for
the trapezoidal-shaped hill with 0.5 shape ratio and various
hill-widths using four methods; numerical method, AFPS 90
code, EC 8 code, and the proposed equation (this study).

not reliable for very high hills, e.g. shape ratio 0.7,
and for very low hills, e.g. shape ratio 0.1. AFPS 90
only gives a decent estimation of the amplification
factor for the points on the top edges of the hill.
Due to the fact that its method does not involve the
height of the hill, it fails to gain a reasonable
agreement on the hill crest in most cases except for
the shape ratio 0.5. All results of this study is limited
to a specific form of surface irregularities - that is - a
trapezoidal-shaped hill with a slope angle of 45
degree. In order to judge fairly among three methods
to determine which one is more efficient, more
studies need to be done considering different
shapes of the hill, constitutive models for the media,
characterizations of the media, conditions of con-
tiguity, as it is discussed in another study [47], and so
forth.

5. Conclusion
This study has conducted a seismic assessment

on the trapezoidal-shaped hills with various hill-
widths and shape ratios, which have been seismically
analyzed under strong ground motion records.
Then, their results have been discussed in terms of
acceleration, velocity, and displacement, i.e. time-
domain, as well as the spectral response.

Time-domain-related results have illustrated that
an increase in size of the hill from 200 m to 600 m
has no notable effect on the acceleration amplifica-
tion ratio patterns; however, it raises the velocity and
the displacement ones. When it comes to spectra-
related results, this alteration becomes extensive on
period intervals so that the amplification on the hill-
crest as well as the de-amplification on the hill-toe
have been observed over longer range of periods.
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Figure 12. Comparison of the amplification ratio patterns for
the trapezoidal-shaped hill with 0.3 shape ratio and various
hill-widths using four methods: numerical method, AFPS 90
code, EC 8 code, and the proposed equation (this study).

Figure 13. Comparison of the amplification ratio patterns for
the trapezoidal-shaped hill with 0.1 shape ratio and various
hill-widths using  four methods: numerical method, AFPS 90
code, EC 8 code, and the proposed equation (this study).

Comparing the results of time-domain analyses
with those of spectral ones in terms of maximum
values has shown a good agreement that proves
effectiveness of the previous spectral results to
estimate the peak ground motion parameters; e.g.
acceleration, velocity, and displacement; to be used
in engineering practice. In addition, spectral analyses
have revealed that topography influences the SODF
oscillators with various time periods in different
intensity, the most-affected of which is the time
period relating to the dimensionless period interval
of 2 - 4. Putting together the results of the numerical
method extracted from the time-domain analyses,
those of EC 8 and AFPS 90, and the estimated
amplification factor patterns calculated by proposed
equation, in this study, has proved that the suggested
equation have more reliable estimation of the

amplification ratio at different points on the hill, the
hillside, and its beside; however, making sure of
this needs more studies which consider different
possibly-effective variations including the shapes
of the hill, constitutive models for the media,
characterizations of the media, conditions of con-
tiguity, and so on.
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