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In this study, the behavior of long-span cable-stayed bridges with seismic isolators was
analyzed under the effects of non-uniform earthquakes and soil-structure interaction. For
this purpose, a three-span cable-stayed bridge with a total length of 1060 meters, including
a 600-meter main span, 230-meter side spans, and two 120-meter-high towers, was
evaluated.

The earthquake records used in this study were from the bedrock and near-field region,
within a maximum distance of 10 kilometers. For bridges, assuming the same soil type on
either side of the piers, seismic wave reception at each pier occurs with a time delay relative
to the other pier, which is more pronounced at lower surface wave propagation velocities.
According to the computational results, considering the effects of non-uniform excitations
and soil-structure interaction leads to a significant increase in the stresses generated within
the structure and the displacement at a single point compared to the uniform excitation
scenario.
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Introduction

The performance of bridges as simple structural systems has always been a critical focus due
to their significance in vital transportation networks, particularly during emergencies such as
earthquakes. Recent earthquakes in various countries, notably Northridge (USA), El Centro
(USA), and Kobe (Japan), revealed that many bridges designed according to existing seismic
codes suffered extensive damage, even though seismic reports indicated that the intensities
of these earthquakes were lower than the design values specified in the codes. A more
precise consideration of ground motion inputs in seismic behavior studies of structures has
been a subject of ongoing interest among researchers. Topics such as soil-structure
interaction, incorporating oblique input seismic waves instead of parallel and vertical waves,
are among the newer areas of investigation. Currently, a key focus is the unrealistic
assumption of uniform ground motion excitation, especially in long structures like bridges
and dams, which has traditionally been used in the dynamic analysis of all structures.
Observations since the late 1970s from closely spaced seismic monitoring networks have
shown that accelerograms recorded at different locations during an earthquake exhibit
significant differences. These differences are observed in amplitude, frequency content, and
vibration phase and become more pronounced with increasing distance between the
recording stations. This prompted extensive research from the 1980s onward to model
spatial variations in ground motion inputs. Subsequently, studies began to assess the impact
of these variations on the seismic response of long structures like bridges, pipelines, and
dams, comparing the effects of non-uniform excitations with uniform ground motion
excitation. These studies demonstrated that non-uniform ground motion input could generate
higher internal stresses in the structure compared to uniform input, potentially
compromising the safety of the structure. Soil-structure interaction (SSI) is a crucial
consideration, especially for heavy and rigid structures constructed on flexible soil. SSI
significantly alters the structural responses and must therefore be accounted for in the
dynamic analysis of structures. During an earthquake, the behavior of the soil beneath the
structure plays a pivotal role in its response. In most cases, the soil is not modeled, and its
critical effects are overlooked. Due to the infinite nature of the soil medium, modeling soil is
inherently more complex than modeling the structure itself. In structures subjected to
earthquakes, in addition to the dynamic forces and stresses induced within the structure, the
ground and soil parameters, particularly the mutual interaction between soil and structure,
play an undeniable role in the system’s behavior. This interaction has a significant impact on
the response of the system, making it a major area of focus in recent years.

Given the widespread use of cable systems in the construction of existing and upcoming
bridges, this study investigates the effects of non-uniform ground motion and soil-structure
interaction on the responses of large cable-stayed bridges equipped with seismic isolators.
The research focuses on comparing the impacts of applying non-uniform excitation versus
uniform excitation, as well as examining the influence of soil-structure interaction on the
responses of long cable-stayed bridges.

Method
This study investigates the behavior of large-span cable-stayed bridges with seismic
isolation under the effects of non-uniform earthquakes and soil-structure interaction. For this
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purpose, a three-span cable-stayed bridge with a total length of 1060 meters—comprising a
600-meter central span, two 230-meter side spans, and two 120-meter towers—was
evaluated. A two-dimensional computer model simulated in the finite element software
Abaqus was employed, using a direct solution method.

In the transverse direction, due to the bridge's narrow width and the minimal impact of non-
uniform vibration, earthquake waves were considered uniform across all piers. However, in
the longitudinal direction, the wave propagation effect was studied. A time-history analysis
was performed using seven accelerograms to determine the structural response, with records
specific to bedrock and near-fault zones within a maximum distance of 10 kilometers. To
account for soil-structure interaction, a two-dimensional soil model with semi-infinite
boundary elements was used along the soil boundaries.

Assuming uniform earthquake excitation across all supports does not always yield the most
critical response. Soil-structure interaction and spatial variability of ground motions are
significant factors in the seismic analysis of bridges. In bridges, assuming consistent soil
type beneath the piers, seismic waves reach each pier with a time lag, which becomes more
pronounced at lower surface wave propagation speeds. Additionally, seismic waves undergo
multiple refractions and reflections during propagation, causing the received waves at
different locations to vary. This phenomenon results in non-uniform seismic excitation
across the bridge piers. Furthermore, differences in soil type beneath each pier increase this
non-uniformity, significantly amplifying stresses and displacements in the structure
compared to uniform excitation conditions.

Results

To investigate the effect of soil-structure interaction on the responses of long-span cable-
stayed bridges, models were developed for four types of soil based on the Iranian Standard
2800 and evaluated. For this purpose, the structural responses under the influence of seven
near-field acceleration records were examined for the four soil types defined in the Iranian
Standard 2800. This study compares the structural responses with and without soil-structure
interaction.

To better understand the behavior of the bridge under the influence of soil-structure
interaction, the bridge is divided into three sections based on its geometry: the initial span
(closer to the earthquake epicenter), the middle span, and the end span (farther from the
earthquake epicenter). The vertical displacement of the deck, the deck bending moment, the
horizontal displacement of the tower, and the axial force of the tower were evaluated in this
section.

Conclusions

In this study, the seismic analysis of a 1060-meter-long cable-stayed bridge was conducted.
The modeling was performed using the finite element software Abaqus, examining the
effects of non-uniform ground motion excitation and soil-structure interaction under seven
near-field earthquake accelerograms and four soil types defined in the Iranian Standard
2800. The longitudinal response of the structure was evaluated, including vertical
displacement of the deck, horizontal displacement of the tower, positive bending moment of
the deck, and axial force of the tower under various conditions. The results indicated that
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vertical displacement of the deck increased under non-uniform excitation compared to
uniform excitation. The maximum vertical displacement occurred at the mid-span and on
soil type 4, the softest soil with the lowest seismic wave propagation velocity. Horizontal
displacement of the tower was higher under non-uniform excitation than uniform excitation,
with maximum displacements observed on soil type 4 at the tower's base. For other soil
types, increased soil softness significantly amplified the tower displacement at both the base
and top levels. The positive bending moment of the deck was greater under non-uniform
excitation, with the maximum moment at the mid-span and on soil type 4. Similarly, the
axial force in the tower increased under non-uniform excitation, with maximum values on
soil type 4 at the base level. Soil-structure interaction significantly increased the horizontal
displacement of the tower, with maximum displacements occurring on soil type 4 at the top
level of the tower. In scenarios without soil-structure interaction, maximum displacements
were observed at the tower's base, whereas with interaction, they were observed at the
tower's top. Positive bending moments of the deck increased for all soil types when
considering soil-structure interaction, with maximum values occurring at the mid-span for
soil types 2, 3, and 4. Axial forces in the tower also showed significant increases under soil-
structure interaction, with the highest values for soil type 4 at the base.

A comparison of the results for soil-structure interaction and non-uniform excitation
highlighted that soil-structure interaction presents more critical conditions. Under non-
uniform excitation, maximum displacements occurred at the tower's base, while under soil-
structure interaction, they were at the tower's top. The axial force in the tower under soil-
structure interaction exceeded that under non-uniform excitation, although the maximum
axial force at the tower's top was higher under non-uniform excitation. Positive bending
moments in the mid-span were nearly identical for soil-structure interaction and non-
uniform excitation, but in the side spans, they were higher with soil-structure interaction.
Given the significant differences across various soil types and the effects of non-uniform
excitation, precise estimation of wave propagation velocity and soil properties at the
construction site is essential for designing long-span cable-stayed bridges. The availability
of advanced hardware and software underscores the necessity of employing professional
methods for detailed assessments and designing these large-scale structures. Additionally,
considering the effects of soil-structure interaction—specifically for the bridge's
foundation—the placement of bridge piers should minimize these effects. For river bridges,
where soil near the riverbanks is denser than the softer alluvial soil at the riverbed,
positioning piers on denser soils near the banks instead of the loose riverbed soil is
recommended.
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