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structures due to topographic effects and soil-structure interaction (TSSI) is
highly significant. If the site has sloping topography, the importance of this study
is further amplified, and the effect of slope on soil-structure interaction must be
considered. This research uses Loma Prieta (1989) earthquake records to analyze
the seismic response of a 5-story concrete building located 5 meters from the top
of the slope for four angles: 15, 30, 45, and zero degrees (SSI), using 3D
numerical analysis. Modeling was conducted with MIDAS GTS NX software for
both TSSI and SSI systems. An elastic model and an HSS model were used for
the building and soil, respectively. The seismic response of the building was
evaluated by comparing maximum lateral displacements, base shear forces, inter-
story drifts, and horizontal accelerations in the TSSI and SSI analyses. As the
slope angle increased from zero degrees (SSI) to 15, 30, and 45 degrees (TSSI),
the average lateral displacement of the floors increased by 44%, and the average
maximum horizontal acceleration increased by 21%. Additionally, with the slope
angle increasing from zero degrees (SSI) to 15, 30, and 45 degrees (TSSI), the
average ratios of inter-story drift and maximum base shear force increased by
14% and 21%, respectively.

Introduction

responses, and greater base shear forces. Studies

Currently, earthquakes are one of the most
destructive natural forces, causing damage to
buildings constructed on the earth's surface.
When a site has a slope, the effect of the slope on
the interaction between the soil and structure
must be considered, and the necessary
investigations should be carried out. In fact,
when seismic waves encounter a slope, they
generate a new set of surface waves that will
influence the seismic response of the structure. It
has been reported that in many destructive
earthquakes, structures located on hilltops in
uneven regions tend to sustain more damage than
similar structures located off the hill area
(Gazetas et al., 2002). Therefore, the
topographic effects of slopes can lead to
increased displacements, amplified acceleration

show that the dynamic response of a free surface
and the soil-structure system are significantly
influenced by the topographic shape, soil
properties (plasticity, shear modulus, internal
friction angle, and cohesion), and parameters
such as the position of the structure relative to
the slope, the distance from the slope crest, slope
angle and height, input excitation frequency,
nonlinear soil behavior, and the depth of the
bedrock. Consequently, it is crucial to address
this issue in a comprehensive and detailed
manner . In the present study, the effect of slope
angle on the seismic response of the ground
surface and the analysis of the topography-soil-
structure interaction on the seismic response of
buildings near slopes have been investigated.
The results of this study expand the knowledge
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of the seismic performance of buildings located
near slopes and provide designers with a better
understanding of how to create safe and reliable
designs based on this knowledge.

Materials and Methods

Subtitle

Numerical modeling can provide a practical
approach for understanding soil behavior,
provided that the problem is accurately
simulated. This is due to the unique conditions
of each geotechnical project, the inability of
empirical relationships to account for specific
conditions, the lack of analytical solutions for
most projects, and the high costs associated with
field and laboratory methods. MIDAS GTS NX
software is a comprehensive and powerful tool
in geotechnical engineering, and in this study,
the 2022 version was used.

Numerical Analysis Program:

In this study, the impact of slope topography on
the seismic response at the ground surface near
the slope crest was first examined through 3D
analyses, followed by a comparison of the
effects of SSI and TSSI on the seismic response
of buildings. A 5-story concrete building with an
elastic behavior model (Figurel), located 5
meters from the slope crest, was modeled and
analyzed at various slope angles. For the soil, the
Hardening Soil with Small-Strain Stiffness
(HSS) model was used, based on correlation
relationships provided for sandy soil in the study
by Brinkgreve et al, 2010. The input excitation
was the 1989 Loma Prieta earthquake record-
1989, with a peak acceleration amplitude close
to 0/25¢, as shown in Figure 2.

6586/ m

Fig. 1. The basic model for the analysis performed in the present research
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Fig. 2. Loma Prieta-1989 earthquake record

By comparing the seismic response of the
ground surface near the slope in the TSSI
condition, the SSI condition, and input wave
excitation under the Loma Prieta earthquake

record, and analyzing the seismic excitation
results presented in Figure 3, the maximum
acceleration response values in the TSSI, SSI,
and input excitation conditions are 3/25, 2/54,
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and 2/31 m/s?, respectively. The results indicate
that the topographic effects of the slope (TSSI)
lead to an increase in acceleration in most cases

Interface between the foundation

and soil

Shaking direction

compared to the input excitation and in the
absence of the slope (SSI).

5-Story concrete
building

Shaking direction

Shallow foundation

Fig. 4. Modeling done in TSSI, SSI conditions

The results of the study, including maximum
lateral displacement of floors, maximum
horizontal acceleration (PHA), base shear values
of floors, and inter-story drift ratios, were
examined based on the building's position at
different slope angles (o) of 15, 30, and 45
degrees, as well as at a slope angle of zero, which
corresponds to the SSI condition. The geometry
of the analyses performed is shown in Figure 4.

Results and Discussion

As can be seen fromthe acceleration response
curve in Figure 3, the amplification level in the
TSSI condition is greater than in the SSI
condition relative to the input wave excitation. In
these figures, the increase in horizontal
acceleration due to the topographical effects of
the slope near the crest is higher than on flat

ground. As illustrated in the curve in Figure 3,
the horizontal acceleration amplification in the
TSSI condition is 1/27 times that in the SSI
condition. Furthermore, the results presented in
this study indicate the maximum values of lateral
displacement, horizontal acceleration, base
shear, and inter-story drift in the presence of a
slope differ from those without a slope. An
increase in slope angle, on average, results in
greater lateral displacement of floors, maximum
horizontal acceleration, maximum base shear,
and inter-story drift ratios. However, this
increase in base shear does not occur when the
slope angle is 30 degrees under the Loma Prieta
record. Overall, it can be concluded that the
topographic effect can amplify the response of a
building near the slope crest compared to a
building on flat ground.
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Fig. 3. Comparison of acceleration response in SSI, TSSI and input excitation modes, under
Loma Prieta-1989 earthquake record

Conclusions

Based on the results obtained and their
comparison in the two TSSI and SSI conditions
in the present study, it can be generally
concluded that the topographic effects of the
slope on the amplification occurring at the crest
are more significant than on the flat ground.
Additionally, changes in the slope angle affect
the seismic response of buildings located near
slopes. From the analysis results, lateral
displacement in the SSI condition is, on average,
44% less than in the TSSI condition. Moreover,
the maximum horizontal acceleration (PHA) in
the SSI condition is, on average, 49% lower than
in the TSSI condition. The increase in lateral
displacement and horizontal acceleration is

particularly noticeable in the upper floors of the
building, with lower floors experiencing less
impact from the increased slope angle. The
maximum base shear and the maximum inter-
story drift ratio in the TSSI condition are, 51%
and 21% higher than in the SSI condition,
respectively. Although previous studies by other
researchers have highlighted the importance of
this issue under various conditions, it is still not
addressed in many modern building codes.
Therefore, it is recommended that dynamic
analysis be performed for buildings near slopes,
taking into account the topographic effects of the
slope (TSSI) with various slope angles during
the design process.
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