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Abstract. Alteration in ground motion characteristics due to topography can
trigger earthquake induced localized damage and other earthquake related dev-
astation. Existing literature cites many incidents in which topographic amplifi-
cation has been noticed during the same seismic event. However, it is often dif-
ficult to separate the effects of geometry and near-surface geology in absence of
refined topographic amplification models. Based on hill geometry, a few stand-
ards/codes (Eurocode 8, NTC-08 and AFPS) suggest the amplification factors
or aggravation factors to address this issue. However, topographic amplification
of hills subjected to recorded ground motion are mostly lacking in literature.

This paper presents a parametric study of 2D symmetrical bell shaped hills
having different shape ratios (ratio of height to half of the base width of the hill)
using finite element code ABAQUS. Wave propagation problem is simulated
using 2D linear plane strain elements. Numerical models are subjected to the
recorded earthquake ground motion suite (22 far-field record) from FEMA
P695 along viscous boundaries at base. Parasitic boundaries are used at vertica
sides to ensure shear failure mode. The largest size of the element is limited to
1/15th times the desired wavelength (10 Hz) of selected ground motion suite.
Topographic amplification (ratio of PGA obtained at the peak of the hill to that
of the free field) values are quantified at different spatial points along the hill
profile to study the variation in amplification of PGA values. It is observed that
topography is mostly amplifying the PGA values at the peak of the hill and de-
amplifying the PGA values at the foot of the hill.
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1 I ntroduction

Generally, seismic waves are generated by energy release from tectonic plate at shal-
low depth to several kilometers beneath the ground surface. These waves travel
through various heterogeneous materials with different travel velocities. Seismic
waves travel faster in denser medium than rarer medium. Naturally, denser medium is
overlain by rarer medium and waves propagating from denser (at large depth) to rarer



medium becomes almost vertically upward. When seismic wave travel through vari-
ous heterogeneous materials, ground motion characteristics (amplitude, frequency
content and duration) are altered significantly. In addition, surface topography also
alters the ground motion characteristics significant and cause damage in hilly regions
during the recent earthquakes [1].

In the last six decades, many studies exhibited that topographic features like cliffs,
canyons, ridges, hills, slopes ater the ground motion significantly. Based on the con-
sidered topography, ground motion can amplify or de-amplify. The former has been
observed often near hilltops and close to the ridges, which contributed to the higher
damages during seismic events. Several researchers have observed topographic ampli-
fication by comparing the ground motion recorded on elevated and flat grounds dur-
ing the same seismic events [2-8]. However, it is often difficult to separate the contri-
bution of topographic features and near surface geology in case of the recorded
ground motion.

Several experimental studies [9-13] and numerical studies using different methods
like Finite Elements Method (FEM) [7,14-16], Aki-Larner Technique [17,18],
Boundary Integral method [6], Finite Difference Method [3,19-21], Generalized Con-
sistent Transmitting Boundary (GCTB) given by Deng [22,23] etc. have been con-
ducted in the past. Most of the numerical studies have been carried out on quantifica-
tion of topographic amplification using simple harmonic motion [15], Ricker wavelet
[22-25,16,26], Gabor wavelet [14] or Chang’s equation [19,27] as an input which
contains one predominant frequency to avoid large computational efforts. Only a few
studies have been performed on quantification of topographic amplification using
earthquake ground motions (consisting of multiple frequencies) asinput [20,19].

Significant deviations in the topographic amplification factors are responsible for
their address in only few building codes across the world [28] and then only in simpli-
fied way. Due to complexity, consideration of topographic amplification in design has
been recommended by only few of seismic building codes (viz. Italian code [29],
Eurocode [30] and French code [31]) in terms of aggravation factors based on hill
geometry. However, the amplitudes of maximum aggravation factors are in same
range for all the standards. In all standards, topographic amplification factors are sole-
ly given as a function of shape ratio (ratio of ‘h’ to ‘b’, where ‘h’ is the height of the
hill and ‘b’ is the half of the base width of the hill) or slope angle (g) of the topo-
graphic feature neglecting the characteristics of the incident waves, such as frequency
[19], wave type [32], orientation [33] or angle of incidence [22].

It is interesting to note that most of the above studies have been performed for
single faced dlope, but in reality for hill slopes have very complex geometries in 3-
dimension. Further, topographic amplification of hill subjected to recorded ground
motion are mostly lacking in literature. Recently, topographic amplification observed
during L’Aquila earthquake (2009) was significantly mismatching with that given in
Italian seismic code [1], highlights the need of an in-depth study on quantification of
topographic amplification. To bridge this gap, an extensive numerical study has been
performed on a simplified bell shaped hill geometry subjected to recorded ground
motion suite using FEM. Based on this study, the results are presented in the form of
amplification of PGA over the entire hill profile.



2 Numerical Study

Topographic amplification factor (TAF) is defined either as ratio of the PGA [19,16]
or Fourier spectra[3,18,5,15] or response spectra [20] of the ground motion recorded
at hill top to the free field. In the present study, TAF has been used in the terms of the
PGA ratio.

An extensive parametric study has been conducted to estimate the TAF for the bell
shaped hill with four different base widths (2b) viz. 500 m, 1000 m, 1500 m and 2000
m and six different shape ratios viz. 0.25, 0.50, 0.75, 1.00, 1.50 and 2.00. Fig. 1 shows
schematic diagram of FE model for the idealized hill slope with dimension.
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Fig. 1. Schematic diagram of FE model of bell shaped hill with applied boundary conditions

To simulate wave propagation problem (vertically propagating shear waves or SV
waves) through homogeneous intact rock properties, Finite Element software Abaqus
[34] has been used. To represent stable mild to steep slopes, the material properties of
homogeneous intact rock are taken as: shear wave velocity, Vs = 2824 m/s, Poisson’s
ratio, v = 0.258, mass density, p = 2457 kg/m® [26,35-37]. A suite of ground motions
consisting of 22 far field recorded acceleration time histories (from FEMA-P695 [38])
has been used as the input motion applied at the base of the developed FE models.
These ground motions have been recorded during fourteen different seismic events
(occurred between 1971 and 1999) whose moment magnitude, M,, is ranging from 6.5
to 7.6 and PGA isranging from 0.21g to 0.82g.

3 Modelling and Analysis

In the present study, 2D FE models of considered Bell shaped hill geometry have
been developed using Abaqus [34]. An elastic constitutive model based on Hook’s
law has been used for rock mass modeling. Entire rock mass domain has been discre-
tized using plane strain triangular elements CPE3 (3-node linear) and quadrilateral
elements CPE4R (4-node hilinear, reduced integration with hourglass control) availa-
ble in Abaqus element library. In order to avoid the numerical distortion of frequency



content in simulation of wave propagation problems, Kuhlemeyer and Lysmer [39]
suggested the maximum size of the element should be limited to 1/8" to 1/12" of A,
where A is the desired wavelength of the propagating seismic wave. Later on, Semblat
and Brioist [40] suggested the range of 1/10" to 1/20" of the wavelength of the prop-
agating waves for large propagating distances. Further, based on preliminary sensi-
tivity study, the largest size of the element has been estimated to 1/15" of the smallest
wavelength based on the highest frequency of interest available in the earthquake
ground motion (considered 10 Hz in the present study). At the base of the FE model,
viscous or absorbing boundary [41] has been applied, whereas parasitic boundary [42]
has been adopted for the vertical sides of the model. The lateral extent of model has
been considered using a sensitivity study so that the effect of boundary conditions on
the domain of interest isinsignificant.

Frequency dependent Rayleigh damping has been used for rock mass with the crit-
ical damping ratio of 0.1%. Rayleigh damping coefficients, a and B, have been ob-
tained from the Egs. 1 and 2 as:
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where, & is the critical damping ratio and w; and w; correspond to the range of rota-
tional frequencies of interest (considered 0.1 Hz and 10 Hz, respectively). For com-
pliant base, input motions have been applied in form of uniformly distributed shear
force over un-deformed area of the base of the FE model. For this purpose, the rec-
orded acceleration time history, first, converted to velocity time history by numerical
integration and then converted to shear stress history by the Eq. 3 [43].
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where, o4(t) = applied shear stress history, p = mass density, v(t) = velocity time histo-
ry and Vs = shear wave velocity of rock mass.

Linear direct time history analysis based on dynamic implicit method has been
conducted to simulate the wave propagation through the rock mass and to estimate the
TAF along the entire hill profile.

4 M odel Validation

To validate the developed FE model and its effectiveness, a flat ground consisting of
same rock mass properties having depth of 1565 m has been modelled in the Abaqus.
For vertical sides parasitic boundary has been used and at the base either absorbing
(compliant base) or elementary (rigid base) boundary has been applied. Ground mo-
tion recorded at Beverly Hills-Mulhol during Northridge earthquake (1994) has been,



first, de-convoluted to the model depth using 1D wave propagation code
SHAKE2000. Then, de-convoluted ground motion has been applied to the base of FE
model in form of shear stress time history in case of compliant base and in form of
acceleration time history in case of rigid base. The acceleration time history has been
recorded on the top surface of both models and their comparison has been shown in
Fig. 2.
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Fig. 2. Comparison of acceleration time history at the top of the model

Fig. 2a shows good agreement between target acceleration time history and time his-
tory obtained at the top of the FE model with viscous boundary. In case of fixed base
model, significant miss match has been observed owing to generation of very high
frequency spurious waves reflected from the fixed boundary (Fig. 2b). However, their
response spectra match well for the frequency range of interest (Fig. 3).

In addition, when the synthetic bell shaped hill has been modelled above the flat
terrain, spurious periodic waves result in additional amplification in case of fixed base
model. However, in case of same compliant base synthetic bell shaped hill model,
spurious periodic waves get efficiently absorbed at the viscous boundary and provide
more reliable estimation of TAF. This observation is similar to the study of Mgjiaand

Dawson [21] and hence compliant base FE model has been considered in the further
study.
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Fig. 3. Comparison of response spectra at the top of the flat model for different boundary con-
dition

5 Results and Discussion

As mentioned earlier, the prime objective of the present study is to estimate the TAF
for various bell shaped hill geometries. TAF has been obtained for each case in terms
of ratio of PGA observed at any location on the hill surface to the PGA observed on
free field. For each geometrical configuration, 22 de-convoluted ground motions have
been applied at the compliant base and their mean amplification values have been
reported at various locations along the entire hill surface. Figures 5-8 show the varia-
tion in TAF along the hill with different shape ratio (SR = 0.25, 0.50, 0.75, 1.00, 1.50
and 2.00) and b = 500, 1000, 1500 and 2000 m, respectively.

From Figures 5-8, it can be observed that TAF increases with increase in slope
inclination, 8. The critical incident angle, 6, for vertically propagating shear waves
depends on the Poisson’s ratio of the medium through which the wave travels (As-
simaki et al. 2005). In the present study, for v = 0.258, 8., has been obtained from Eq,
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For 8 > B, the more amplification has been observed at the hill top due to incident
energy transformation travel along the slope and interference with direct SV waves
that arrive behind the crest. Whereas, for 6 < 6, only marginal amplification has been
observed.
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Fig. 4. Variation of amplification along the profile of the hill for different shape ratios and 2b =
500 m
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Fig. 5. Variation of amplification along the profile of the hill for different shape ratios and 2b =
1000 m
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Fig. 6. Variation of amplification along the profile of the hill for different shape ratios and 2b =
1500 m
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Fig. 7. Variation of amplification along the profile of the hill for different shaperatiosand 2b =
2000 m

It isinteresting to note that, the hill base width has slight effect on TAF for the same
shape ratio. The free field condition (when TAF becomes asymptotic to 1) has been
observed at the distance approximately equal to ‘b’ from the toe of the hill. The max-
imum TAF aong the hill profile has been observed at the peak of the hill and signifi-
cant de-amplification has been observed near the toe of the hill due to scattering of
waves.



6 Conclusion

An extensive numerical study has been performed on a simplified bell shaped hill
geometry of homogeneous material subjected to recorded ground motion suite using
FEM. Based on the study, the results are presented in the form of amplification of
PGA across the hill profile. Highest amplification of incident waves has been ob-
served at the pinnacle because of trapping of the energy and de-amplification has been
observed at the toe of the hill due to the scattering of the waves. Amplification tends
to increase with the increasing dlope inclination whereas almost equal values of am-
plification have been observed for hills having different base widths but the same
inclination. The results obtained from this study are valid only for bell shaped hill
geometry with homogeneous rock mass. Therefore, more rigorous study is required to
estimate of the TAF for hills consisting of different materials and shapes.
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