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ABSTRACT: In this study, we provide preliminary results from an ongoing study—funded by
The Scientific and Technological Research Council of Turkey, TUBITAK—investigating the
effects of site-specific surface topography and soil stratigraphy on dynamic soil-structure inter-
action (SSI) behavior of structures located within a region of Istanbul. To achieve this, nonlinear
time-domain responses of various soil-foundation-structure systems subjected to strong remote
earthquake excitations for various site conditions will be investigated. The goal is to transform
SSI analyses to consider realistic site conditions. An important part of this effort involves the cre-
ation of a map of topography-induced SSI response amplification factors for the south European
side of Istanbul by performing 3D simulations using real site topography and soil stratigraphy
data, and realistic bedrock ground motions, which are available from previously completed earth-
quake scenario and seismic microzonation studies. This paper presents preliminary results of
large-scale 3D simulations performed for the south European side of Istanbul.

1 INTRODUCTION

Numerous prior studies indicate that the topography of the ground surface as well as under-
ground layering of soils (stratigraphy) can significantly affect the seismic input to structures
(see, for example, Asimaki et al., 2015, or Fotopoulou et al., 2013). Bouchon & Barker (1996)
showed through numerical simulations that strong amplification of the ground acceleration
motion can occur near and at the top of hills. Ashford et al. (1997) presented that the angle of
a slope and the ratio of slope-height to seismic-wavelength are critical factors of topographic
amplification of ground motion at steep slopes. Large-scale seismic wave propagation analyses
conducted by Lee et al. (2009) using a realistic mountainous site model (4 km × 4 km) showed
that the amplification of ground motion is likely to occur at tops of hills and ridges, because
seismic wave energy tends to be trapped in such regions. Another set of large-scale simula-
tions, conducted by Restrepo et al. (2016) unveiled the complex patterns of wave scattering
due to topographic irregularities and soil heterogeneities, which resulted in surface ground
motion amplifications as high as 500 percent. The April 2015 Nepal earthquake hit mountain-
ous areas, led to nearly 9,000 casualties, and destroyed thousands of buildings, which
prompted investigations topographical effects on ground motions.
Despite growing awareness in topography amplification of ground motions comprehensive

region-specific studies are yet lacking. The objective of this study is to examine and quantify the
topography-induced changes in seismic motions experienced by surface infrastructure. The said
changes are to be examined through systematic parametric studies carried out via detailed
continuum finite element models of a particular region of Istanbul—namely the Zeytinburnu
district and its environs, which include the city’s historic peninsula as well as its present airport
—for which detailed prior micro-zonation studies and earthquake scenario studies had been
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carried out (see, for example, LessLoss, 2007, and Ansal et al., 2009) by the Istanbul Metropol-
itan Municipality. The present project leverages existing data and through both linear and non-
linear characterizations of the site soils, will examine the ground motion amplification effects
through the direct finite element simulation of the entire region of study with the help of super-
computing resources. Specific project objectives include testing the hypotheses that (i) surface
topography and irregular stratigraphy of sites significantly affects dynamic soil-structure inter-
action (SSI) behavior of various types of generic structures that populate the region (e.g., non-
ductile reinforced concrete buildings with masonry infill); (ii) the topography effects could be
completely captured through modified impedance functions (IFs) for a given soil-foundation
system; and (iii) incorporation of multi-axial soil nonlinearities are essential in accurately cap-
turing the topography and stratigraphy induced ground motion amplification.
One important objective of the present effort is the development of a map for topography-

induced response amplification factors. This will be possible through three-dimensional finite
element simulations using real site topography and soil stratigraphy data, and realistic bed-
rock ground motions. As stated above, topographical, geological and geotechnical data comes
from an extensive site investigation study conducted as part of a large-scale microzonation
project of Istanbul Metropolitan Municipality. Simulated bedrock ground motions are avail-
able through earthquake scenario studies performed as part of a collaborative EU project.
The results from the present study are expected to enable more realistic loss estimation ana-
lyses for the city, which is under high risk of a major earthquake.

2 NUMERICAL ANALYSIS

2.1 Problem definition

In this study, the south-western portion of the European side of Istanbul, with a total area of
approximately 182 km2 is modeled and investigated (Figure 1). A contour plot of the surface
altitudes of the domain of interest is shown in Figure 2.

2.2 Material properties

The topographical, geological and geotechnical data of the Istanbul city from a total of 2912
boreholes distributed in 250 m × 250 m cells are available from prior extensive site

Figure 1. The investigated area is the southwestern portion of the European side of Istanbul.
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investigation studies conducted as part of a large-scale microzonation project of Istanbul
Metropolitan Municipality. As shown in Figure 3, due to the lack of data in the sea areas,
several data points (referred as “fictitious boreholes”) with uniform material properties are
manually added (shear wave velocity Vs = 1000 m/s, and density ρ = 2200 kg/m3). Conse-
quently, a perfect rectangular domain with perfectly distributed boreholes is constructed,
which is crucial for performing large-scale earthquake simulations efficiently. Moreover, to
simplify the meshing process, the Vp/Vs ratio is assumed to be equal to 1.8 (corresponds to the
Poisson’s ratio of 0.28) for all geological formations but bedrock, where Vp denotes the propa-
gation velocity of pressure body waves. Below the engineering bedrock (z > 300m) the mater-
ial is assumed to be homogeneous, with constant properties of Vs = 3200 km/s, Vp = 5500 km/
s (corresponds to the Poisson’s ratio of 0.24), and ρ = 2800 kg/m3. These values are adopted
from a previous earthquake scenario and loss estimation study performed for Istanbul, as part
of a European Integrated Project dubbed “LessLoss” (2007). A contour plot for the depth of
engineering bedrock (Vs ≥ 750 m/s) is shown in Figure 4.

Figure 2. Contour plot of altitudes.

Figure 3. Map of drilled and fictitious boreholes.
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Given any query point with coordinates (x, y, z), the corresponding 250 m × 250 m cell that
contains the query point is directly located by taking advantage of the regularity of the per-
fectly placed cells. The corresponding layers’ Vs and density values of a given cell are obtained
based on depth z along the cell’s four nodes. Then, a 4-node linear interpolation is performed
to compute the Vs and density of any query point within the computational domain. Follow-
ing this procedure, the values of Vs and density for the domain of interest are plotted at vari-
ous depths—viz., 0 m, –10 m, –20 m, and –30 m) in Figure 5.

Figure 4. Contour plot of engineering bedrock depth.

Figure 5. Contour plots of Vs (m/s) at various depths (z = 0 m, –10 m, –20 m, and –30 m).
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2.3 Numerical modeling

All the simulations are conducted using Hercules (Tu et al., 2006), the octree-based finite
element parallel software developed by the Quake Group at Carnegie Mellon University. Her-
cules combines a multi-resolution mesh of tri-linear brick elements and an explicit time inte-
gration scheme to efficiently compute anelastic wavefields generated by seismic events
represented as kinematic faults. Soil nonlinearity can be considered as elasto-plastic or as
cyclic plasticity according to bounding surface concepts. Hercules includes topographic irregu-
larities by implementing a virtual topography (VT) approach (Restrepo and Bielak, 2014). VT
further divides the external elements in contact with the topography into tetrahedral elements
to improve numerical accuracy. The mass, stiffness, and damping contribution of each tetra-
hedron is scaled according to its enclosed topographic volume.
A volume of the Earth’s crust of 27.44×10.9×6.86 km3 is considered to cover the region of

study. Such a volume is large enough to enclose the Istanbul metropolitan area, its major
topographic features, and the complete dataset of properties of the shallow soil deposits.
Figure 6 displays the shear-wave distribution at the free-surface as interpreted by the compu-
tational model. Although Hercules is originally formulated to consider earthquake sources as
extended faults via kinematic representations, the present study adopts simulated ground
motions for Istanbul at the engineering bedrock depth (Ansal et al., 2009) as the input ground
motions. The work presented by Ansal et al. (2009) follows a hybrid approach to generate
high-frequency earthquake ground motions from the Central Marmara Basin (CMB) and the
North Boundary Fault (NBF). These seismogenic areas are assumed to control the seismic
hazard of Istanbul. Four scenarios of input ground motion—two for CMB, and two for NBF
—are considered, but only results for one of the CMB rupture scenarios are shown here (see
Figure 7) for brevity. All the simulations are performed under linear material conditions with
mass and stiffness Rayleigh coefficients as material attenuation.

Figure 6. Shear wave velocity at z = 0 m and topographic contours.

Figure 7. Input ground motions.
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To prescribe the displacement boundary conditions from Ansal et al (1999) work, this study
implements a simplified version of the so-called Domain Reduction Method (DRM) by Bielak
et al. (2003). The input motions are considered as vertically incident S-waves generated by
effective forces located at the base of a DRM box of plane dimensions 24.010 km × 6.86 km,
and 1.725 km below sea level. Only the horizontal components of the auxiliary ground
motions are used. In addition, the lateral boundaries of the DRM box are not considered.
This simplification does not generate major inaccuracies due to the assumption of vertical
incidence and the large size of the DRM base. Every VT simulation is computed using a 10m-
resolution digital elevation model and compared with flat free-surface results (FLAT). Table 1
presents the simulation parameters and the numerical statistics of the models employed.

Table 1. Simulation parameters.

Parameters FLAT VT

fmax, Hz 3 3

Vsmin, m/s 200 200

Topography No Yes

Max Elevation, m — 138 m.a.s.l

Points per wavelength (ppw) 10 10

Min. elem. Size, m 6.7 6.7

Num. of elements 62,605,311 97,833,672

Num. of nodes 67,178,824 105,287,654

Simulation time, s 20 20

Time step Δt, s 0.0005 0.0005

* All the simulations were performed using the supercomputing
resources made available by the Centro de Computación Científica
Apolo at Universidad EAFIT.

Figure 8. Evolution of velocity under flat-surface (left) and realistic topography (right) assumptions.
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2.4 Results

Figure 8 presents the evolution of the magnitude of the ground velocity under FLAT and VT
considerations. From a qualitative point of view, the numerical results show that the velocity
wave fields tend to propagate NS during the early stages of shaking. This directivity effect is
in accordance with the peak exhibited by the NS component of the displacement input motion
shown in Figure 9. In addition, the similarities between VT and FLAT results suggest minor
modifications in the earthquake response as a consequence of the topographic irregularities.
This could be explained by the short elevation (138 m.a.s.l) of the topographic units within the
region of study and the large PGD/PGA values of the earthquake scenario.
Figure 9 illustrates the synthetics of ground acceleration at stations 0, 1, 5, and 9 shown in

Figure 8. These locations coincide with four of the 2912 boreholes shown in Figure 3. As pre-
viously mentioned, only minor changes due to topographic irregularities emerge in the NS
and EW components of ground acceleration. On the other hand, there is a marked influence
of topography on the vertical component of acceleration. Station 0 for instance, shows vertical
accelerations of ~0.15g when topography is considered in contrast to the ~0.1g recorded under
flat free-surface conditions.

3 CONCLUSIONS

This work presents preliminary results of large-scale earthquake ground motion simulations
of the southwestern European side of Istanbul. The region of study considers a volume of the
Earth’s crust of 27.44 × 10.29 km2 that is 6.86 km deep, discretized to resolve minimum wave-
lengths of fmax = 3 Hz and topographic irregularities of Δh > 6.7m. As earthquake source,
high-frequency input motions are included as vertically incident plane-waves. Simulations
with and without the inclusion of the topographic irregularities were performed. From the
preliminary findings, topography exhibits minor differences in comparison with flat-free

Figure 9. Synthetics of acceleration (g): Solid black lines depict results from flat free-surface simula-

tions. Solid red lines show results from simulations considering topography.
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surface results. The latter could be related to the relatively short elevations of the hills of the
region of study, the significant seismic demands of the earthquake scenario considered, and
the maximum frequency adopted. However, since one of the final goals of the project is to
resolve fmax > 10Hz, future simulations will be able to capture topographic irregularities ~1m,
which in turn, will enhance the potential of detecting high-resolution topographic effects. Con-
sequently, more noticeable differences between models including realistic topography and flat-
free surface simulations may emerge.
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