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INFLUENCE OF TOPOGRAPHIC
IRREGULARITIES ON THE AMPLITUDE
AND PHASE OF STRONG GROUND
MOTIONS

M. G. Durantel, S. J. Brandenbergz, E. Ausilio® and P. Zimmaro®

ABSTRACT

We investigate the role of topographic irregularities on the amplitude and phase of earthquake
ground motion by means of numerical analysis performed with the open-source finite element
software OpenSees. We first perform a verification of the numerical model for simple 2D
topographic features and harmonic motions, against: (1) numerical solutions available in the
literature and (2) boundary element method analyses utilizing a code specifically developed for
this study. The analytical and boundary element solutions provide verification of the OpenSees
simulations for simple geometries excited at a single frequency. OpenSees, by contrast, can handle
irregular geometries and broadband ground motions. We then perform a comprehensive parametric
investigation for a bridge crossing a 260m-deep canyon. Our analyses are performed considering
homogeneous stiff rock site conditions to emphasize the role of topographic irregularities only,
without the influence of soil/rock layers of varying stiffness. Results are presented in terms of
phase angle and amplitude modifications for a few critical locations along the bridge axis,
corresponding to the foundations of the central piers of the bridge. We also process results by using
cross-correlation measures, showing that 2D topographic irregularities can strongly modify strong
ground motions.
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ABSTRACT

We investigate the role of topographic irregularities on the amplitude and phase of earthquake
ground motion by means of numerical analysis performed with the open-source finite element
software OpenSees. We first perform a verification of the numerical model for simple 2D
topographic features and harmonic motions, against: (1) numerical solutions available in the
literature and (2) boundary element method analyses utilizing a code specifically developed for this
study. The analytical and boundary element solutions provide verification of the OpenSees
simulations for simple geometries excited at a single frequency. OpenSees, by contrast, can handle
irregular geometries and broadband ground motions. We then perform a comprehensive parametric
investigation for a bridge crossing a 260m-deep canyon. Our analyses are performed considering
homogeneous stiff rock site conditions to emphasize the role of topographic irregularities only,
without the influence of soil/rock layers of varying stiffness. Results are presented in terms of phase
angle and amplitude modifications for a few critical locations along the bridge axis, corresponding
to the foundations of the central piers of the bridge. We also process results by using cross-
correlation measures, showing that 2D topographic irregularities can strongly modify strong ground
motions.

Introduction

Numerical site response analyses are often performed considering synchronous input motions at
the base of the model. This assumption can be considered acceptable when the analysis is
performed on sites that can be treated as 1D problems, or when the features being modelled are
not spatially distributed. In the case of long structures and distributed infrastructure such as
bridges, dams, tunnels, and pipelines, the resultant ground motion at each point at the base of the
structure can be significantly different in terms of both amplitude and phase. For such spatially-
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distributed systems, a common simplification is to consider that the asynchronous motion can be
subdivided into three main effects: (i) wave passage (due to the finite travel speed of seismic
waves, resulting in progressive excitation as a wave front passes); (ii) geometric incoherence of
the input (it accounts for the wave scattering due to inhomogeneity in the soil, that change the
signal contents); (7ii) local site effects (it includes 1D,2D, and 3D effects). The latter term should
also include topographic effects, which have been observed to significantly change the amplitude
and phase of a motion during an earthquake [1-5].

In recent years, several case studies have provided examples of earthquake-induced damages to
bridges and tunnels even if they were designed to resist seismic loads [6]. These unexpected poor
seismic performances of spatially-distributed infrastructure systems are often due to the effects of
asynchronous motions [7-9]. With reference to bridge applications, one of the first models
proposed for the evaluation of asynchronous motion was developed by Vanmarcke [10]. This
model introduced for the first time a probabilistic approach. Luco and Wong [11] proposed a
simplified model for generating inputs based on the motion at the first point. Zerva [12] introduced
the idea of using random signals as input. More complex methodologies have been developed in
more recent studies [13, 14]. The majority of those studies account for wave passage effects and
geometric incoherence terms, neglecting site effects. Sextos et al. [7] proposed a methodology for
evaluating seismic response of bridges, including site effects by means of one-dimensional
simulations (i.e. neglecting 2D-3D topographic effects) and soil-structure interaction effects.

The inclusion of site effects due to topographic irregularities is often neglected in the evaluation
of the seismic response of bridges because of the challenges related to the implementation of such
effects in relatively simple numerical models. Site response due to topographic effect strongly
depends on the shape of the topographic feature (i.e. ridge, slope, or canyon). Trifunac [15] and
Wong [16] studied for the first time wave propagation effects due to topographic irregularities for
SH, P, and SV incident waves. In this study, they analyze the response of a half-space semi-circular
canyon formed by elastic, homogeneous, and isotropic soil. Godinho et al. [17] used the method
of fundamental solutions (MFS) to compute the surface displacement along a topographical profile
of elastic half-space excited with elastic P, SV, and Rayleigh waves. More recently, Wu et al. [18]
presented an improved methodology to include topographic effects in the definition of
asynchronous motions for sites located in V-shaped canyons.

In this paper, we present the effects of topographic irregularities on the spatial variation of ground
motions for a long bridge overcrossing a deep canyon in Southern Italy. A two-dimensional model
of the site of interest was developed in the finite element software framework OpenSees [19]. The
approach adopted for the analysis have been verified using available solutions from literature for
regularly-shaped canyons (i.e. semi-circular and V-shaped). The elastic model of the site has been
then excited using four ground motion recordings, selected to have a broad range of frequency
content. Model results are reported in terms of amplification of horizontal and vertical
displacements along the surface of the canyon relative to the input motion. More detailed analyses
that include coherence and the phase angle of the signals at the base of the central piers of the
bridge are also reported. Our results show that topographic effects cause variation of both
amplitude and phase of the signals even for synchronous input motions.

Case Study

In this paper we analyze the seismic response of the Viadotto Italia bridge in Southern Italy along
the A2 Mediterraneo highway (Fig. 1). The Viadotto Italia overpasses a 260m-deep canyon



between the towns of Laino Castello and Laino Borgo in the Cosenza province. Remarkably, the
Viadotto Italia is currently the second highest bridge in Europe, and it has been the highest in
Europe in the period 1974-2004. The design of the bridge has been performed in the late 1960s
and it represented a real challenge for that time [20]. The total bridge length was1160 m. Recently,
the bridge has been renovated to align to more recent safety standards. The original design
comprised 19 spans, 17 piers, and 2 abutments. The central part of the bridge was formed by three
long steel spans (125m, 175m, and 125m respectively), while the other spans were curved and
formed by pre-stressed concrete. The new layout comprises straight spans at the sides of the bridge,
while the central part has not been changed. The piers are formed by hollow sections tapered along
the height. As a result of that, the number and the position of same piers has changed. In this study,
we modeled the 2D cross-section crossed by the new configuration of the viaduct (Fig. 2). Since
the objective of the paper is to analyze the contribution of topographic effect to the seismic
response of the canyon, the analyses are performed using an elastic and homogeneous soil deposit
(shear wave velocity, V=500 m/s and Poisson ratio v=0.33).The structure is not included in the
present analysis.
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Figure 2. Schematic view of the analyzed cross-section.
Numerical Model
A schematic representation of the two-dimensional finite element method (FEM) model of the site

is reported in Fig. 2. The analysis presented in this section are performed using the open-source
software OpenSees. The soil domain is studied considering plain strain condition and it is



discretized using four-node, bilinear, isoparametric finite elements with four point of integration
each. The boundary conditions were modeled using Lysmer transmitting/absorbing boundaries
using a set of viscous dampers normal and tangential to the soil boundaries [21]. More details
about the formulation behind this approach, the implementation in the code and their accuracy are
available in Zhang et al. [22]. The dynamic input is defined at each node of the base of the domain
in terms of equivalent nodal forces proportional to the velocity of the seismic wave and the
tributary surface area of each element. The input is applied in the horizontal direction to simulate
vertically incident SV-waves. The dimensions of mesh elements in the model were chosen
considering numerical accuracy of wave transmission processes [23]. As a result, the mesh adopted
in this study, comprises elements smaller than one-tenth of the wavelength of the highest frequency
component of the input.

Model Verification

The results obtained using the OpenSees FEM numerical model are compared with numerical
solutions available in literature for canyons with regular shapes under the hypotheses of elastic
uniform soil and vertically propagating harmonic SV waves. Two sets of analysis were performed
for two alternative geometries: (i) semi-circular canyon shape (Fig. 3a), verified against the
solution proposed by Wong [16], and a Boundary Element Method (BEM) solution [24-25]; (ii)
symmetric triangular canyon shape (Fig. 3b), verified against BEM [24], and Godinho et al. [17]
solutions; (7ii) actual geometry of the canyon overcrossed by the Viadotto Italia (Fig. 2), verified
against a BEM solution specifically derived for this study. The input considered is formed by
sinusoidal vertically-incident SV waves. We performed analysis for a broad range of the
dimensionless frequency (1), defined as:

wR,

V. (1)
where @ is the angular frequency of the input, R is the representative geometric parameter of the
canyon (Ry=R=25m for semi-circular canyon, Ry=a=25m for symmetric triangular canyon, and
Ry=B=100m for Lao river canyon) and ¥ in the shear wave velocity of the soil (Vs = 500m/s in
all the analyses).

T’:
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Figure 3. Definition of geometric parameter for: (a) semi-circular, and (b) symmetric V-shaped
canyons.

All comparisons between the available numerical solutions available in the literature and the
results of the numerical FEM model presented in this study are performed in terms of horizontal
(Up) and vertical (U,) components of the peak ground surface displacement. All quantities are
normalized by the input amplitude for three values of dimensionless frequency 1 (0.5, 1.0 and 1.5).
Due to the boundary conditions adopted in this study, the verification also includes the total



dimension of the model with variable ratios of the lateral extension of the model (L) and its height
(H).

Figs. 4 and 5 show the comparison of the proposed FEM numerical model with the solutions
available in literature for the semi-circular and V-shaped canyons. The horizontal and the vertical
components at surface are plotted versus the distance from the center of the model, normalized by
the ratio X/Ry. Figs. 4 and 5 show that the proposed FEM numerical model is in good agreement
with the other solutions for all the cases analyzed. The horizontal amplification seems to be less
affected than the vertical by the ratio L/H. In our FEM model, increasing L/H, increases the
accuracy of the result. This effect is more evident for n = / for the semi-circular shaped canyon
(Fig. 4) while the difference between L/H = 5 and L/H = 6 is not significant for the V-shaped
canyon (Fig. 5).

Fig. 6 shows the comparison between the FEM model presented in this study and the BEM solution
for the actual geometry of the canyon overcrossed by the Viadotto Italia. The discrepancy between
the FEM and the BEM models are negligible in all cases. The FEM model produces practically
equal results for L/H=4 and L/H=35.
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Figure 4. Semi-circular shaped canyon: comparison of the proposed FEM model with the available
solutions for horizontal (U,) and vertical (U,) components at surface versus the
normalized distance from the center of the model (X/Ry).
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Figure 5. Symmetric V-shaped canyon: comparison of the proposed FEM model with the available
solutions for horizontal (U,) and vertical (U,) components at surface versus the
normalized distance from the center of the model (X/Ry).
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Figure 6. Lao river canyon: comparison of the proposed FEM model with the available solutions
for horizontal (U,) and vertical (U,) components at surface versus the normalized
distance from the center of the model (X/Ry).



Topographic effects at the Viadotto Italia site due to earthquake motions

The elastic model of the canyon has been excited with four earthquake ground motions, selected
to have a broad range of frequency content. Fig. 7 shows the Response Spectra for the four motions
selected, assuming a 5% structural damping. Since the model is elastic and its response is not
dependent to the amplitude of the signal, the amplitude of the Response Spectra of each motion is
plotted normalized by its maximum. Table 1 reports main details of the selected ground motions
including peak ground acceleration (PGA) and significant duration (Ds.os).

Table 1. Ground motions used in the analysis

Event . PGA
D Event (station) () Ds.95 (sec)
ID1 M7.6 Izmit, 1999 - (IST180) 0.30 37.6
1D2 M6.2 Morgan Hill, 1984 - (Gilroy Array #1) | 0.38 9.5
ID3 M6.9 Loma Prieta, 1989 - (LGP000) 1.24 12.8
1D4 M6.7 Northridge, 1994 - (NSC52) 1.26 26.7
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Figure 7. Response spectra (5% structural damping) of the selected ground motions.

Fig. 8 shows the results along the surface of the canyon, reported in terms of horizontal (4,) and
vertical (4,) aggravation factors [26] defined as the ratio between the peak ground acceleration for
the topographic irregularity (horizontal and vertical component, respectively) and the horizontal
peak ground acceleration in the free-field condition. The frequency content of the input changes
the response along the canyon for both the horizontal and vertical components. In particular, the
aggravation factors are higher for the input ID3 and ID4 that are characterized by the lower
frequency content.
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Figure 8. Horizontal and vertical amplification for selected ground motions.

Figs. 9 and 10 show phase angle and lagged coherence [27, 28] of all inputs at the base of the taller
piers of the Viadotto Italia (P4, PS5, P6, and P7 in Fig. 2), with reference to the free field signal.
The variation of the response at the base of each pier, shown in Fig. 9, is caused by the combination
of the wave passage effect from the base to the surface, and also by the reflection and refraction
of the waves due to the combination of the topographic irregularity with the frequency content of
the input. Fig. 10 shows that for all pier locations the ground motion ID2 produces the lowest
values of coherence. This may be due to the fact that this earthquake input has high amplitude for
a wide range of frequency.
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Figure 9. Phase angle versus frequency for P4, P5, P6, and P7.
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Figure 10. Lagged coherence versus frequency for P4, PS5, P6, and P7.
Conclusions

The paper presents the effect of topographic irregularities on the amplitude and phase of dynamic
excitation using the finite element software OpenSees. We verified the numerical approach using
analytical and numerical solutions available in literature for canyons with simple geometries. After
the wverification phase, we performed numerical investigations of the 260m-deep canyon
overcrossed by the Viadotto Italia in Southern Italy, using earthquake ground motions. To analyze
topographic effects in isolation. Our analyses are performed with synchronous input motions and
homogeneous elastic soil deposit. In our numerical models we do not include the bridge. Results
are reported in terms of horizontal and vertical aggravation factors along the surface of the canyon
and in terms of phase angle and amplitude modifications for the locations corresponding to the
foundations of the central piers of the bridge. Our numerical simulations show that the two-
dimensional topographic irregularities can strongly modify ground motion in both amplitude and
phase. We anticipate that results from this study will be used to assess the complex behavior of
bridges overcrossing deep canyons. Future studies will be devoted to the evaluation of topographic
effects in combination with asynchronous input motions.
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