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ABSTRACT: This paper investigates the seismic responses of homogeneous double-faced
soil slopes subjected to obliquely propagating SV-waves by numerical simulation in order to
explore the topography amplification of ground motion. The horizontal topographic amplifi-
cation factors both on the free surface and slope surface are evaluated focusing on slope
geometry and incident angles with a 2-D model. Both qualitative and quantitative insights
into the topographic amplification effects on the seismic responses of double-faced slopes are
presented in this study. The numerical results indicate that both slope geometry and incident
angles have great influences on the horizontal amplification factors. Slope geometry mainly
leads to the complicated situation in the slope crest. The maximum of horizontal topographic
amplification is usually not obtained as the seismic wave incident by perpendicularly. Incident
angle and together with slope geometry cause the different propagation paths of the seismic
waves, and they mainly influence the slope crest rather than the slope toe.

1 INTRODUCTION

It has been recognized that local topography has a significant effect on the ground motion in
terms of amplitude and frequency characteristics during earthquake. The topographic amplifi-
cation or attenuation effect has been witnessed by instrumental recordings and documental
observations from destructive seismic events. For example, a peak ground acceleration (PGA)
of 1.58 g was recorded during the 1994 Northridge earthquake on the ridge that formed the
left dam abutment; however, accelerations in the surrounding areas and at the bottom of the
canyon were generally less than 0.50 g (Sergio et al. 2005). In addition, the 1995 Kobe earth-
quake, the 1999 Chi-Chi earthquake, the 2008 Wenchuan earthquake and the recent 2011
earthquake off pacific of Tohoku all shown that acceleration amplifications factors at the top
of hills suffer more intensive damage than those located at the base.
In order to better understand, quantify, and predict the topographic amplification effects, a

great number of numerical studies have been conducted in the recent past. The studies on the
topographic effect conducted using finite difference methods (Bouckovalas et al. 2005; Bour-
deau et al. 2008), finite element methods (Sitar et al. 1983; Assimaki et al. 2005a, b; Lo Presti
et al. 2006), boundary element methods (Nguyen et al. 2007), and distinct element methods
(Gischig et al. 2015).
Among the previous studies, the slope geometries have been influenced by many researchers

(Fiore 2010; Tripe et al. 2013; Rizzitano et al. 2014). Besides, Bouchkovalas et al.(2005) also
provided the parametric studies in insights of the effects of slope angles varying from 10�to
90�, normalized slope height ranging from 0.05 to 2.0, as well as the dynamic soil properties
on seismic ground motion. A comprehensive parametric study by Li et al. (2017) explored the
effects of slope inclination and height as well as the wave type of seismic responses in single-
faced slope.
In spite of extensive numerical studies in the recent past, topographic amplification is still

understood imperfectly, the most important problem that should pay attention to is the direc-
tions of incident angles. The previous studies do not consider the incident angles of seismic
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waves, with the default directions as vertically. In fact, when epicenter is close to area, the
direction of seismic waves is not perpendicular into the area. Based on the regression analysis
of 214 ground motion records from 1933 to 1980 in the United States by Jin et al.(1994), it is
concluded that the average incident angles and the standard deviation of seismic waves at bed-
rock sites under near-field conditions are 56:78� þ 6:77�. In addition, based on 24 near-field
strong earthquake records at Sendai, southwest of Tokyo, Japan, in 1997, inversion analysis
shows that the incident angles of seismic waves near the ground surface varies from 12:4� to
54:1� (Takahiro. 2000). Although the number of samples is limited and the conclusions are
not uniform, but it also confirmed that the seismic waves near the ground surface are not just
one case of vertical incidence.
In this paper, a systematic parametric study on the seismic response of a double-faced

homogenous soil slope is then conducted using the equivalent node force method, together
with the viscous-spring artificial boundary, based on finite element software ABAQUS. The
input earthquake waves supposed to be SV-waves. The influence of incident angles and slope
geometry, as well as the slope angles, slope height and the magnitude frequency, are studied in
detail. Both qualitative and quantitative insights to the topographic amplification effects on
the seismic response of slopes are presented in this study. The results in the present study may
provide some guidance for the seismic design of homogeneous soil slopes.

2 NUMERICAL APPLICATION

2.1 Problem layout and material properties

The proposed seismic input method is applied to the seismic response analysis of the double-
faced slope under the obliquely incident SV-waves with arbitrary incident angles. The sizes of
the model are illustrated in Figure 1. The height of the slope is a (a=H/λ), which H varies
according to the wave lengthλ. The width of slope crest is L, L equals to 4H. The width of the
whole foundation depends on the slope inclination and the width of slope crest. The width of
ground surface is 3H per side. The depth of the foundation is 2H.

The soil material is assumed to be isotropic and linear elastic in numerical modeling and the
mechanical parameters of slope are listed in Table 1. The 2-D plane SV-waves with arbitrary
incident angles are deduced and implemented into the commercial software ABAQUS with
viscous-spring artificial boundary.
Generally, the topographic amplification factor was defined as a ratio of the peak acceler-

ation at each point of the ground surface to that of the free-field response in front of the toe
or behind the crest of the slope in the previous studies (Bouckovalas et al. 2005). The horizon-
tal and vertical topographic amplification factors rh and rv at each point along the slope sur-
face or in the slope are thus evaluated using Equations1 and 2, respectively.

Figure 1. Finite element model of seismic slope model
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where, max ahj jð Þand max avj jð Þare the peak horizontal (h) and vertical (v) acceleration at
any point along the slope surface or in the slope, respectively; ah;input

�

�

�

�and av;input
�

�

�

�are the
input peak horizontal (h) and vertical (v) acceleration, respectively.

2.2 Effects of predominant frequency f0

The predominant frequency 2.0Hz, 4.0Hz and 8.0 Hz of Ricker waves are employed as the
incident SV-waves. The acceleration time histories of the records are depicted in Figure 2,
respectively.
The normalized height is denoted by a, which equals to H=λ, λis the wave length. Wave

length relates to dominant frequency f0, so a=f0�H/cs. The model, under slope inclination
i=26.5°, is input by SV-waves with incident angles 0�and20�. The predominant frequencies f0
are 2.0Hz, 4.0Hz and 8.0Hz, respectively. The normalized height a is assumed to be 2.0. rh
and rv of ground surface and slope crest are depicted in Figure 3 under different predominant
frequency, respectively.
As illustrated in Figure 3, rh and rv are almost same under different dominant frequency. It

suggests that in the analysis of topography amplification, dominant frequency f0 can be deter-
mined by a, in other words, the influence of f0 can be illustrated by wave length λ. Therefore,
normalized height a is considered as the influence factors rather than the predominant fre-
quency f0. In the following analysis, for simplicity, the input SV-waves is only considered by
the Ricker waves with predominant frequency 4.0Hz.

Figure 2. Acceleration time history of Ricker waves (Circles line is for 2.0Hz, dot line is for 4.0Hz, and

solid line is for 8.0Hz)

Table 1. Parameters of soil used in ABAQUS simulation

Mass density
ρ/(kg/m3)

Elastic modulus
E/Mpa Possion’s ratio�

P-waves velocity
cp/(m/s)

SV-waves velocity
cs/(m/s)

Soil 2000 768 0.2 653 400
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2.3 Effects of slope normalized heightH=λ

Slope inclination i is assumed to26:5�(depth-width ratio is 0.5), f0=4.0Hz, a ¼ H=λ, a equals
to 0.2, 0.5, 0.75, 1.0, 1.2, 1.5, 1.75, and 2.0. rh and rv of ground and slope surface are analyzed
with different a under vertical incidence.

As illustrated in Figure 4, normalized height of the slope have a significant and non-uni-
form effect on the aggravation of the horizontal and vertical ground motions (factors of rh
and rv), as well as the free field on the ground surface and the slope crest surface. When a>1,
slope height is larger than a fully wave length, so the reflected seismic wave and the input seis-
mic wave are composed in the slope, which cause the accumulation of seismic energy, there-
fore, rh is mainly influenced by H=λon the slope crest surface.
According to the analysis from Bouckovalas et al. (2005), there are two characteristics

points, the slope toe and the slope crest, which are significantly sensitive to the topography. In
this study, slope toe and slope crest of left and right slope surfaces are selected as the

Figure 3. Horizontal and vertical topographic amplification factors at ground and slope surface, (a)

under incident angle 0�, and (b) under incident angle 20�(black solid line is for 2.0Hz, red solid line is for

4.0Hz and blue solid line is for 8.0Hz)

Figure 4. Effect of normalized height H=λ on the amplification of peak horizontal rh and apparition of

parasitic vertical rv acceleration, as a function of horizontal distance x from the crest of a double-faced

slope (i=26.5°, L=4H)
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observation points under the incident anglesθof 0�,5�,10�,15�,20�,25�,30�,and 35�. 3-D grid
diagrams of observation points under rh,θandH=λare plotted in Figure 5, respectively.

As depicted in Figure 5, with the increase of incident angles, rh of the left side of slope,
including left toe and left crest, are decreased. On left crest, the maximum of rh (marked as
rhmax) is received under the incident angles of 10�. It means the seismic energy accumulate in
the left crest under incident angles of 10�rather than under vertical incident angle of 0�. How-
ever, On right crest, the change of rh is really complicated, and rhmax still not locate in 0�.
Right slope surface is suffered from the directly input SV-waves and the reflected SV-waves
and P-waves, the superposition and dissipation of seismic waves in the slope cause the com-
plex situations of rh. Right toe is only suffered from the directly input SV-wave, so as the
increase of incident angles, rh are decreased. In addition, as the increase of H=λ, rh are
decreased; but this changing regulation is significant on right side of slope rather than on left
side. Therefore, the change of normalized height a mainly influenced the right slope crest.

2.4 Effects of slope inclination i

Slope inclination is also the influenced factors of topography. Normalized height a is assumed
to 2.0, f0=4.0Hz, i equals to 75:96�,63:43�, 45�, 33:69�, and 26:57�(corresponding to depth-
width ratios are 1:0.25, 1:0.5, 1:1, 1:1.5, and 1:2, respectively). Same as the former analysis, rh
and rv of ground and slope surface are analyzed with different i under vertical incidence
firstly.
As shown in Figure 6, slope inclinations i have a significant and non-univocal effect on the

aggravation of the horizontal and vertical ground motions (factors of rh and rv) of the slope
crest surface. But inclinations of the slope have less effect on the ground surface.
Similarly, slope toe and slope crest of left and right slope surfaces are selected as the obser-

vation points under the incident anglesθof 0�,5�,10�,15�,20�,25�,30�,and 35�. 3-D grid dia-
grams of observation points under rh,θand i are plotted in Figure 7, respectively.

As illustrated in Figure 7, with the increase of incident angles, rh of the left toe and right toe
of slope are decreased, but on left toe, when incident angle is 35�, rh shows a steep increase
and reaches to rhmax. This situation can be explained as follows: incident angle of 35� is close
to the critical angle (in this study, critical angle equals to37:7�), so the reflected vertical com-
ponents is less; left toe is mainly affected by the horizontal components, rh is thus increased
while incident angle is35�. In addition, as the increase of incident angles, the change of rh with
slope inclination i on left toe and right toe are almost the same. However, as shown in left
crest and right crest, the changing regulation of rh is complicated, rhmax is not achieved in the
vertical incidence; on the slope crest, as the increase of incident angles, the change of rh with

Figure 5. Effect of incident angles θ with normalized height H=λ on the amplification of peak horizontal

rh acceleration of the observation points on double-faced slope (i=26:57�, L=4H)
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slope inclination i are significantly different. This can be explained by the complex propaga-
tion of reflected and input seismic waves in the slope. The change of slope inclination i mainly
influenced the left crest and right crest of slope.

3 CONCLUSIONS

There is no doubt that local topography plays a critical role in the spatial variation of ground
motion and should be explicitly considered in the seismic design of slopes. In the present
study, the equivalent nodal force method together with a viscous spring artificial boundary is
adopted to simulate the seismic waves in numerical model. The horizontal and vertical topo-
graphic amplification factors both on the free surface and in the slope are then evaluated
through a series of parametric studies focusing on predominant frequency, slope geometry
and incident angles, using numerical modeling with the 2D finite element software ABAQUS.
According to the simulation results, several valuable conclusions can be drawn as follows:

1. Predominant frequency of seismic wave is not an independent influence factor of topog-
raphy. Wave length is an important factor to influence topography; predominant frequency
can be illustrated by wave length.

Figure 6. Effect of slope inclination i on the amplification of peak horizontal rh and apparition of para-

sitic vertical rv acceleration, as a function of horizontal distance x from the crest of a double-faced slope

(a=2.0, L=4H)

Figure 7. Effect of incident angles θwith slope inclination i on the amplification of peak horizontal rh
acceleration of the observation points on double-faced slope (a=2.0, L=4H)
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2. Normalized height of slope have influence on horizontal and vertical amplification factors
rh and rv of ground surface and slope surface, but slope inclination and platform only influ-
ence on slope surface.

3. Incident angles must be considered in the analysis of topography. The maximum values of
rh with different slope geometry usually do not reach by vertical incident. Different incident
angles lead to different propagation path of seismic waves, the superposition and dissipa-
tion of seismic waves are significantly influenced by incident angles.

4. The change of rh with incident angles θand normalized heightH=λis mainly focused on the
right crest and the change of rh with incident angles θand slope inclination i is mainly
focused on the left and right crest.

Nonetheless, the results in the present study are obtained based on the specific ideal slope
model, and may not be applicable to describing the topographic effects associated with other
models. This study has limited the wave types of earthquake, such as compression waves and
Rayleigh waves, which also have significantly different seismic response of topography. Simu-
lations and experiments concerning the topographic effects for seismic excitations strong
enough to cause non-linear and inelastic responses of rock slopes shall be conducted in the
near future.

REFERENCES

Assimaki, D., Gazetas, G. & Kausel, E. 2005a. Effects of local soil conditions on the topographic aggra-

vation of seismic motion: parametric investigation and recorded field evidence from the 1999 Athens

earthquake. Bulletin of the Seismological Society of America 95(3):1059–1089.

Assimaki, D., Kausel, E. & Gazetas, G. 2005b. Wave propagation and soilstructure interaction on a cliff

crest during the 1999 Athens earthquake. Soil Dynamic Earthquake Engineering 25 (7):513–527.

Bouckovalas, G.D. & Papadimitriou, A.G. 2005. Numerical evaluation of slope topography effects on

seismic ground motion. Soil Dynamic Earthquake Engineering 25(7):547–558.

Bourdeau, C. & Havenith, H.B. 2008. Site effects modeling applied to the slope affected by the Suusamyr

earthquake (Kyrgyzstan, 1992). Engineering Geology 97(3):126–145.

Fiore, D.V. 2010. Seismic site amplification induced by topographic irregularity: results of a numerical

analysis on 2D synthetic models. Engineering Geology 114(3):109–115.

Gischig, V.S., Eberhardt, E., Moore, J.R. & Hungr, O. 2015. On the seismic response of deep-seated rock

slope instabilities-insights from numerical modeling. Engineering Geology 193(10):1–18.

Jin, X. & Liao, Z.P. 1994. Statistical research on S-wave incident angle. Earthquake Research in China

8(1): 121–131.

Li, H.B., Liu, Y.Q., Liu, L.B., Liu, B. & Xia, X. 2017. Numerical evaluation of topographic effects on

seismic response of single-faced rock slopes. Bulletin of Engineering Geology & the Environment

76(3):1–19.

Lo Presti, D. C., Lai, C. G. & Puci, I. 2006. ONDA: computer code for nonlinear seismic response ana-

lyses of soil deposits. Journal of Geotechnical Geoenvironmental Engineering 132(2):223–235.

Nguyen, K.V. & Gatmiri, B. 2007. Evaluation of seismic ground motion induced by topographic irregu-

larity. Soil Dynamic Earthquake Engineering 27(2):183–188.

Rizzitano, S., Cascone, E. & Biondi, G. 2014. Coupling of topographic and stratigraphic effects on seis-

mic response of slopes through 2D linear and equivalent linear analyses. Soil Dynamic Earthquake

Engineering 67(11):66–84.

Sergio, A.S. William, M., Randall, W.J. & David, N. P. 2005. Seismically induced rock slope failures

resulting from topographic amplification of strong ground motions: The case of Pacoima Canyon,

California. Engineering Geology 80(3):336–348.

Sitar, N. & Clough, G.W. 1983. Seismic response of steep slopes in cemented soils. Journal of Geotech-

nical Engineering 109(2):210–227.

Takahiro, S., Kazuhiko, K., Yoichi, S., Dai, K., Toru, M., Ryoichi, T., Chiaki, Y. & Takeshi, U. 2000.

Estimation of earthquake motion incident angle at rock site. NZ National Society for Earthquake

Engineering, Proc of 12th World Conference Earthquake Engineering. Auckland: New Zealand.

Tripe, R., Kontoe, S. & Wong, T.K.C. 2013. Slope topography effects on ground motion in the presence

of deep soil layers. Soil Dynamic Earthquake Engineering 50(7):72–84.

5776


	Welcome page
	Table of contents
	Author index
	Search
	Help
	Shortcut keys
	Previous paper
	Next paper
	Zoom In
	Zoom Out
	Print


