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ABSTRACT

This study delves into seismic design nuances of a three-span bridge, particularly focusing on the often
neglected vertical earthquake forces in concrete bridge codes. Investigating disparities in deck length and
the intricacies of soil-structure interaction (SSI), it evaluates their influence on variations in longitudinal
displacement. By analyzing three distinct near-field ground motions, substantial shifts exceeding 50% in
column axial demands are observed, subsequently affecting pier demands and mid-deck moments. To
address these findings, coefficients are proposed to effectively incorporate vertical seismic forces into
bridge design, thereby enhancing structural safety and integrity. This research underscores the critical
importance of seismic considerations in optimizing bridge engineering practices. Through a comprehensive
examination of bridge responses to seismic forces, it aims to bolster structural resilience and safety in
critical infrastructure investments. By scrutinizing seismic intricacies in bridge design and construction,
this study emphasizes the imperative role of understanding seismic dynamics to ensure robustness against
seismic events, ultimately contributing to the advancement of bridge engineering standards and practices.
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1. Introduction

Bridges serve as crucial lifelines in the aftermath of an earthquake, forming indispensable conduits
to essential services such as hospitals and fire stations. Their robustness and functionality in such
crisis scenarios underline their exceptional significance in upholding societal safety and operational
continuity. Despite this critical role, a glaring gap exists in most bridge design codes—they seldom
address the peculiarities of near-field seismic effects, nor do they offer a specific evaluation
methodology for such events. Yet, evidence from earthquake studies over recent decades suggests
[1-3] that near-field seismic activity can be a principal factor in bridge failure. Historical seismic
events have underscored the vulnerability of bridges to ground motion, with the damage from the
San Fernando earthquake primarily attributed to structural vibration. Key factors identified in this
and similar calamities include a lack of ductility, inadequate expansion joint width, premature
column shear failure, and the failure of decks, foundations, or abutments. In response, initiatives
ensuring bridge reinforcement and equipping them with accelerometers were undertaken [4].
Models for linear and non-linear analysis were also advanced to better understand bridge behavior
under seismic stress. Regrettably, these measures were not always sufficient, as evidenced by the
collapse of many structures during later shocks such as the Kobe and Loma Prieta earthquakes.
The earliest analytical research into the earthquake component effects on reinforced concrete
highway bridges, by Saadeghvaziri and Foutch [5], revealed that non-linear behavior under
combined horizontal and vertical loads induced significant deformation and a heightened shear
capacity in columns. Subsequent studies have continued to emphasize the magnitude of the seismic
component's impact on the integrity of bridge foundations [6], outlining the need for seismic design
considerations that include vertical motion for an accurate assessment of axial compressive forces
and ductility levels. Further investigations have broadened the understanding of seismic impacts
on bridges with diverse static systems [7]. The analyses suggest important modifications of load-
bearing compositions and reveal the intensified effects of vertical movements on axial forces and
torsion in railway bridges. Furthermore, recent studies call for new coefficients that modify the
axial force and bending moments, with implications for design load considerations. Non-linear
static analyses, including evaluations of the pushover method, have also contributed to the
refinement of modeling techniques for seismic performance assessments. Despite established codes
in the United States and Canada, there remains an urgent need for explicit consideration of seismic
effects in bridge design, prompting researchers to propose alternate methods for evaluating the
elastic response of bridge abutments to seismic components [8]. This research highlights how
vertical seismic motions notably increase the demand on axial forces within bridge columns, as
well as amplify torsional stress in the mid-span of the deck and where the deck connects with the
columns. To address this elevated seismic demand [9], it suggests implementing a variable dead
load coefficient that can adjust axial forces and enhance bending moments both at the base of and
along the span of the deck. In another vein of seismic research, Sharif et al. [10] employed non-
linear static pushover analysis to ascertain the seismic fortitude of prestressed bridges, noting that
the precision of such assessments is contingent upon the chosen modeling method. Upon evaluating
both distributed and concentrated non-linear modeling approaches, the findings suggest that
concentrated non-linear methods, which rely on simpler assumptions and yield quicker results, can
effectively model concrete bridge wall foundations. Building on these findings, they proposed a
methodology for estimating the plastic hinge length in the concentrated non-linear models of
concrete wall-shaped bridge foundations. Meanwhile, in their attempt to address the shortcomings
in the AASHTO Code [12] of the United States and Canada's S6-06, which do not adequately
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account for seismic components in bridge design, Sheikh and Legeron [11] introduced a simplified
calculation for the elastic response of bridge abutments to seismic forces. This method dynamically
computes the abutment's reaction before distilling the process into a simplified approach.
Complementing this body of research, Kim et al. [13] engaged in empirical studies to assess the
effects of seismic forces on bridge foundations, utilizing a scaled four-span bridge model. These
experiments underscored the significant impact of seismic forces on increasing axial seismic forces
and, consequently, on enhancing the potential for torsional strain, leading to increased cracking
and deterioration of the structures. Despite the strides in understanding seismic impacts on bridge
structures, existing research predominantly focuses on the effects of horizontal seismic forces, with
less attention paid to the complex interplay of vertical components. Moreover, the current seismic
design codes, like the AASHTO Code and Canada's S6-06, lack explicit guidelines for
incorporating the vertical seismic effects, thereby exposing a vulnerability in engineering practices
for bridges susceptible to near-field earthquakes. Additionally, while non-linear static and dynamic
analyses have advanced significantly, there is a pressing need for a cohesive and universally
applicable modification to the dead load coefficients that accurately reflect the intensified demands
on axial and torsional forces resulting from these multidirectional seismic interactions. This study
aims to bridge this knowledge gap by formulating a comprehensive approach that encapsulates the
influence of vertical seismic actions, thereby fostering the development of more resilient bridge
designs in seismically volatile landscapes. In considering these aspects, this present research
explores the influence of span length on the seismic behavior of integrated bridges exposed to near-
field ground motions. It further delves into the implications of soil-structure interaction, employing
3D structural modeling via OpenSees. This study encompasses three ground motion records
characterized by pulse-like motions, attentively examining all three components of ground motions
to present a comprehensive understanding of the seismic response.

2. Numerical Modeling

Clements Bridge, spanning across 544th Street in New Jersey and overpassing 55th Street, boasts
a distinctive structural design. Its configuration comprises a single span measuring 28 meters in
length and two additional spans extending 42.7 meters each. Notably, the bridge exhibits a
deflection angle of 33 degrees and features a deck with a generous width of 26.2 meters. The
symmetrical deck design is a hallmark of Clements Bridge, with each half of the deck sporting six
beams standing at a height of 1.62 meters. This robust framework facilitates the support of a
concrete slab with a thickness of 0.24 meters. In terms of substructure, the bridge incorporates
columns of varying dimensions. These include columns with a height of 1.4 meters, a width of 1.1
meters, and a length of 24 meters. Circular cross-section columns with a diameter of 1.22 meters
are also strategically placed, with the right (east) and left (west) columns standing at heights of
7.26 and 5.69 meters respectively. These columns rest atop 14-meter pedestals, boasting
dimensions of 4 meters in width and 2 meters in depth. Notably, the columns, arranged in four-
column groups across two rows, are directly connected to the column beam. The transmission of
forces to the substructure is facilitated by elastomers positioned between the deck and the column
head. Given the symmetrical nature of the bridge's structures, a semi-symmetrical model was
employed to streamline computational efforts [14]. Comprehensive specifications of structural
elements, derived from detailed mapping data, are presented in Table 1 for reference and analysis.
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Table 1. Material specifications of bridge structures.
Materials Properties
Concrete fc=20.6 MPa
Rebar ASTM A615-60 Fy=400 MPa
Steel ASTM A636-75 Fy=240 MPa

To capture the nonlinear behavior of materials accurately, we employed OpenSees software to
generate behavioral curves for each material, encompassing confined concrete and reinforcement.
By inputting the strength characteristics of concrete and steel, the software facilitated the derivation
of behavioral curves for both unconfined concrete and reinforcement. Furthermore, through the
specification of reinforced concrete cross-section types and transverse reinforcement
characteristics, we were able to attain the behavioral curve for confined concrete, thereby
accounting for various confinement effects. Within the framework of OpenSees software, the
uniaxial force-displacement behavior was defined using the ‘uniaxial material' command.
Specifically, we implemented the Kent Park model within the ‘uniaxial material' command,
employing behavioral patterns tailored for steel reinforcement and both confined and unconfined
concrete (designated as ‘concrete02"). Following the generation of behavioral curves, parameters
such as the elastic modulus of steel (Es), yielding strength of longitudinal steel bars (Fy), strain
corresponding to unconfined concrete strength (epsu), stiffness of tensile softening (Ess), tangent at
initial strain hardening (Esn), tensile strain at the ultimate tensile strength (Esu), and lambda
parameter for calculating compression modulus distribution were calculated and documented in
Table 2 for reference and analysis.

Table 2. Column non-linear behavior parameters.

Parameters Value
Es (MPa) 210000
Fy (MPa) 400
Esh (MPa) 5700
Fsu (MPa) 520

Esh (%) 0.8
Esu(%) 4.69
epsu 0.5
Lambda 0.1

Ft 2.8
Ets 1120

When modeling the foundations, it's crucial to account for the impact of cracking on the moment
of inertia of the columns. According to the guidelines outlined in the "FHWE" regulation, any
cracking occurring within the column should linearly reduce the moment of inertia of its cross-
section. To achieve this, we utilize established rules, cross-sectional properties, and axial forces
acting on the column to derive the ratio of effective moment of inertia to the total moment of inertia.
To implement this, the bridge undergoes a comprehensive gravity analysis, enabling the calculation
of axial forces acting on each column. With these insights, coupled with cross-sectional properties
and analytical results, we construct a model incorporating linear elements to represent the flexural
stiffness of the column sections (refer to Table 3). Subsequently, we employ the ‘two-pointed arrow
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element’ command to specify detailed specifications for both linear and non-linear components of
the model, ensuring a comprehensive representation of structural behavior.

Table 3. Section properties of structural modeling of bridge.

Moment of Effective Inertia Support Reaction Total Section quent of Column diameter
(KN) Area Inertia (m)
(Moment of effective
inertia)*0.38 2900 1.16 0.11 11

Establishing boundary conditions for a structural system stands as a fundamental step in
constructing the stiffness matrix, profoundly influencing both static and dynamic characteristics of
the model. Accurate estimation of ductility capacity and seismic demand for primary members
necessitates defining bearing pads' conditions within abutments and columns through simple yet
realistic models. Dynamic attributes such as period times and mode shapes, crucial for structural
analysis, rely on the stiffness and mass matrix of the entire structure. Thus, any alterations to
boundary conditions prompt corresponding changes in the dynamic behavior of the structure.
Modeling the behavior of soil beneath columns and foundations entails representing it as an
equivalent spring with a viscous damper. This is achieved utilizing the Zero Length Element to
account for both the equivalent and damping spring effects. Defining the viscous material involves
specifying three parameters: the viscosity coefficient, mass, and stiffness of the viscous spring. As
per considerations outlined in the soil interaction section, a damping coefficient of 0.07 is adopted,
with the mass being equivalent to the force exerted on the soil (as per static analysis) divided by
gravitational acceleration. The stiffness of the viscous spring can also be determined using
Equation 1 [15].

- ~ Bx 1
pe e = Al (1)

In this formulation, where 'm' represents mass, 'B' denotes the damping coefficient (set at 0.07), and
'c' signifies damper hardening. Consequently, at the base of each column, two damping elements
and a spring equivalent to the base are connected in parallel to both the column and the support.
During the capacity design phase, columns are engineered to be adaptable, aligning with the
principles of capacity design. Given that the superstructure is designed accordingly, it's anticipated
that the behavior of deck constituents will predominantly remain within the linear range. For
modeling the concrete slab, shell elements have been employed, offering a versatile approach.
Specifically, 4-point shell elements are utilized to represent the slab on the bridge deck. This
formulation incorporates a two-line isometric, parametric approach with shear interference,
effectively capturing the behavior of thin moment plates. An advantage of these shell elements is
their suitability for large-scale applications, enhancing analysis speed and efficiency, particularly
as the mesh size increases. According to Luke et al. [16], the optimal approach for considering the
interaction between slabs and deck beams involves utilizing rigid joints. As depicted in Figure 1,
the midpoint of the cross-section serves as the primary point, interconnected with a rigid connection
to the adjoining slab.
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Figure 1. Slab and deck interaction [16].

Accurate modeling of deck collisions plays a pivotal role in seismic analysis, particularly
concerning the behavior of expansion joints in bridges. To address this, a combination of link
elements and impact materials is employed to simulate the joints effectively [17]. Link elements
serve to connect two points, allowing for independent boundary conditions and facilitating the
consideration of the P-A effect around longitudinal and local transverse axes. In this study, link
elements are utilized to connect deck beams in the transverse direction [17]. The bridge comprises
three spans, encompassing columns, column tops, bearing bearings, and associated structures.
Transversely, four columns are interconnected at their heads, forming a frame-like structure. Each
end of the bridge column features five bearing bearings, connected to the girder via four 22 mm-
diameter bolts, while two 38 mme-restraint bolts link the abutments and column head beam.
Notably, the bridge employs three types of roller bearing pads and one type of semi-rigid bearing
pad. Roller bearings at the abutments feature a 7.6 cm expansion joint, while those atop the column
incorporate a 4 cm expansion joint. However, these elements exhibit poor performance in
transferring force from the superstructure to the substructure, particularly evident following bolt
failure, as modeled using the Columbus friction method. A coefficient of 0.6 is assigned to the
bearings parameter. Furthermore, the stiffness of the bearings necessitates calculation. Axial and
shear stiffness of the bearings are determined using equations extracted from [18].

Ke==1— ()

‘. - 3)

Ky represents the axial stiffness, while Ky denotes the shear stiffness of the bearing. As stands for
the cross-sectional area, and t; signifies the thickness, which is the sum of the top and bottom
heights of the bearing. Es and G represent the elastic modulus and shear modulus respectively,
while Ay denotes the shear cross-section. Given the varying abutment heights on either side of the
bridge, the structure exhibits differing longitudinal, transverse, and vertical resistances. This
discrepancy in site conditions can significantly influence the bridge's response, particularly in
analyzing deck responses under time history scenarios. Specifically, the right abutment stands at a
height of 6.3 meters, whereas the left abutment is 4.3 meters tall. The soil surrounding the
abutments possesses a shear strength of 28 MPa. To enhance the accuracy of our analysis, we
employ a comprehensive load distribution system across the entire deck. This involves distributing
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the weight of the columns evenly between both ends, allocating 10% of the total structure weight
as live load, and applying the load of the columns and column bases as a concentrated mass to an
equivalent spring. For obtaining the vibration modes of the bridge, we utilize the Appendix
software, which calculates and visualizes vibration modes using code written in TCL. This software
aids in gaining insights into the dynamic behavior of the structure, facilitating robust analysis and
design considerations.

3. Validation of Numerical Results

To validate the precision of our modeling and analysis, we selected a bridge known for its
accessibility and reliable results as our reference [5]. During the examination of the first four
modes, the bridge deck’s deviation led to the simultaneous interaction of longitudinal and
transverse movements (see Fig. 2). These deformation shape modes align with dynamic principles
and offer valuable insights into the bridge's behavior. Table 4 presents a comparison of the
oscillation periods of the first to fourth modes with those of the reference bridge analyzed in
previous studies. This comparison, particularly of the oscillation period of the first mode,
underscores the accuracy of our modeling approach for this research endeavor.

15t Mode
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4" Mode
Figure 2. Deformation of bridge structure under modal vibration

The comparison between the modeled bridge and the reference article reveals a remarkable level
of consistency in terms of structural design and enhancement, particularly in response to lateral
forces. As lateral displacement increases, so do the forces within the structure's members. This
escalation leads to the formation of plastic joints in certain parts of the structure, as the forces
surpass the yielding thresholds. The structural performance criteria dictate that the structure must
endure a specific displacement limit without exceeding a predefined deformation limit in the force-
displacement curve of its members. To validate the model, pushover analysis was conducted on
the bridge in both longitudinal and transverse directions. In the static analysis, the forces acting on
the bridge piers were compared with the piers' response in the reference. The vertical force exerted
on the bridge was found to be consistent with the existing report (2.96e+30 KN). Subsequently,
additional load analysis was conducted by applying the same force to the points on the deck surface
specified in the reference [5]. The results, as depicted in Fig. 3, demonstrate a close correspondence
between the bridge's pushover analysis response and the findings in the reference. Notably, as the
midpoint of the central deck undergoes a displacement of five centimeters, the slope of the diagram
changes, eventually curving after 12 cm. Furthermore, the collision between the bridge deck and
the abutment induces an immediate increase in abutment response forces in the diagram. This
underscores the significance of considering abutments in determining the operational limits of the
bridge.

AASHTO RS (0.4g) AASHTO RS (0.18g)
PUSH Y PUSH Y (model)
e PUSH X PUSH X (model)
20000 |
> 15000
<
(5]
g 10000
= pn—te——0t
s /
5 5000 /
e g w
0 o e
0 0.1 0.2 0.3 0.4

Displacément (m)
Figure 3. Comparison of force-displacement diagram of bridge and design spectrum [5].
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The Push X and Push Y diagrams, crucial for validating the modeled bridge in the Appendix, are
referenced from [5]. The collision points of the load curve with the regulatory spectra (e.g., [12]
spectrum with base accelerations of 0.4g and 0.18g) pinpoint the operational threshold of the
bridge, aligning perfectly with the reference points of the bridge cited in [5].

4. Results and Discussions

The first model comprises a three-span bridge with lengths of 42, 28, and 42 meters, respectively.
Notably, due to varying wall heights, the Ab2 abutment is 1.5 times taller than the Ab1 abutment.
Consequently, the compressive and tensile strengths of the abutments differ, with the Ab2 abutment
exhibiting compressive and tensile strengths respectively five and two times greater than those of
the Ab1 abutment. This discrepancy in abutment strengths results in distinct responses observed in
Spans 1 and 3. Additionally, columns C and C; are classified as short columns, while columns C3
and C; are considered long columns within the bridge structure (refer to Fig. 4).

Abl Spa,nl Span. Span3 Ab2
—— x’ Piatatad x’ LR 0 L S L S L L S e
,l,‘:l ,,: - :”,x“,x”,l”,x’ - ,t" ,l :: ,x,,x X :‘ x ,:” - l’:a ,,t’:x’,,l‘,,r‘,,x’:@#‘
C 2 +
. C 4

Figure 4. Numbering of columns and deck of the bridge.

4.1. Ground Motions for Time History Analysis

Given the variations in intensity, duration, and frequency across different earthquakes, their impact
on the dynamic response of structures varies significantly. Relying solely on earthquake records as
a single reliable resource seems inadequate. Therefore, a more comprehensive approach to seismic
hazard design is necessary. Typically, in practice, analysis involves using at least three earthquake
records from various ground motions. To exemplify earthquake hazard design, this study collected
three earthquake records, each originating from fault lines in different regions of the world. These
records were chosen based on their significance and proximity to faults. Table 5 outlines their
respective characteristics.
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Table 5. Details of earthquake ground motions.

No. 1 2 3
Name Bam Iﬁ?irerlg Tabas
Year 2003 1998 1990
Station SOéJ::nOf Corralitos | Tabas
Magnitude 6.6 6.9 7.4
R (Km) 14 3.85 10
Soil Type I I 1
PGA-Horizontal (g) 0.85 0.622 0.85
PGA-Transversev (g) 0.64 0.511 0.83
PGA-Vertical (g) 1.01 0.45 0.61

In order to derive meaningful conclusions and utilize earthquake results effectively, earthquakes
must be scaled to a baseline range. In this study, the frequency domain scaling method was
employed to adjust earthquakes to match the target spectrum. This approach involves using an
accurate earthquake record to generate a motion that closely aligns with the desired spectrum. In
the frequency domain scaling method, an actual motion in the frequency domain is adjusted by its
spectral ratio to the target design spectrum. This process alters the Fourier spectral amplitudes of
the data while maintaining the unchanged Fourier phases. Preserving the phase properties is crucial,
especially in non-linear time domain analysis, as non-linear solutions can be highly sensitive to the
phasing of the time history.

4.2. The Effect of Boundary Conditions on Dynamic Characteristic

The first four modes of the primary bridge model primarily corresponded to horizontal movements.
However, due to alterations in the behavior of the bearings, these modes exhibited changes in
behavior and period. This shift underscores the significance of incorporating these components
accurately within computer models. Table 6 analyzes the modal period variations of the bridge's
first to fourth modes resulting from adjustments in bearing behavior. These modifications involved
enhancing the behavior of bearings in both longitudinal and transverse directions, including those
at the headrest and abutments. Such enhancements were made to improve the bearings'
performance across longitudinal and transverse movements.
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Table 6. The first to fourth modal periods of the bridges.

First Second | Third | Forth
Boundary Mode Mode | Mode | Mode
conditions Period Period | Period | Period
(Sec.) (Sec.) (Sec.) | (Sec.)

B1 0.36 0.357 0.315 0.36
B2 0.5231 0.2979 | 0.2979 | 0.2963

B3 0.5312 0.4682 | 0.3186 | 0.304
B4 1.4862 0.9168 | 0.4202 | 0.3356
B5 1.5878 0.9943 | 0.4704 | 0.4197
B6 1.6604 1.0469 | 0.7107 | 0.6236
B7 1.5848 0.9571 | 0.6897 | 0.6076
B8 1.6312 1.0354 | 0.674 | 0.5901
B9 1.7766 1.1568 | 0.7666 | 0.6637
B10 1.7526 1.1369 | 0.6415 | 0.4623

Bl Bridge without bearing, and soil-structure interaction (SSI)

B2 Bridge with bearing, longitudinal performance at the top of the columns

B3 Bridge with bearing, performance in all directions of the columns

B4 Bridge with only longitudinal bearings

BS Bridge with bearing performance in all directions of the column heads, and performance in the longitudinal
direction at the side support

B6 Bridge with bearing at the top of the bearing and side support

B7 Bridge with bearing, longitudinal improvement of bearing at the top of the columns
B8 Bridge with bearing, improving transverse bearing at the top of the columns

B9 Bridge with bearing, and soil-structure interaction (SSI)

B10 Bridge with bearing, transverse cushion improvement in abutments

It was observed that introducing additional degrees of freedom for longitudinal and transverse
movement via the bearings resulted in changes to the first to fourth modes of the bridge. Initially,
in the absence of bearings, vertical deflection modes predominated as the main modes of the bridge.
However, upon incorporating bearings into the model, subsequent longitudinal and transverse
motion modes emerged as the primary modes of the bridge. In the last four models outlined in
Table 6, the primary mode types remained consistent with those of the final model. However, the
periods of these modes changed solely due to variations in the types of bearings used. Table 7
provides a detailed examination of these changes compared to the original model.

Table 7. Percentage of changes in the periods of bridges

goun_d_ary First Mode | Second Mode | Third Mode | Forth Mode
onditions
B1 -4.5% -8.5% -4.5% -3.2%
B2 -3% -1.1% -5.1% -5.3%
B3 +6.6% +10% +6.5% +6.4%
B4 -5.5% -8.6% -9.8% -2.5%

B! Bridge with full bearing with the longitudinal improvement of bearing at the column head
B2 Bridge with full bearing with the transitional improvement of bearing at the column head
B3 Bridge with bearing, and SSI

B4 Bridge with full bearing with improvement in transverse bearing in abutments
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4.3. The Effects of Non-scaled Near-field ground motions

Figure 5 illustrates the forces exerted on all four bridge columns during near-field earthquakes. It
Is evident that each bridge pier experiences maximum applied forces under different earthquake
conditions, exhibiting varying behavior compared to other foundations. For instance, the column
subjected to horizontal earthquake components registers the highest compressive force.
Specifically, under the Tabas ground motion, these columns experience peak compressive forces.
The underlying causes of these fluctuations are investigated further below.

1E+07 /] a
28.E+06 ’ a - - @
86.E+06 | |
S il ol el o5
S4E+06 | S EN
= e
<L2E+06 | F i o

0E+00 LETEYE i

Bam Loma Prieta Tabas

s DL+EQH DL+EQH+EQV

Figure 5. The effect of the vertical component on the axial forces under non-scaled earthquakes (spans lengths are
42, 28, and 42 m).

As depicted in Fig. 6, the columns experience varying compressive and tensile forces during the
earthquake, owing to the distinct frequency content of the ground motion. Each earthquake
component induces a unigue response in the behavior of the bridge foundations. These findings
underscore the criticality of considering all three components of the earthquake for an accurate
analysis of the bridge foundations.Fig. 6 illustrates that column Cy is solely influenced by the
vertical component excitation of the bridge piers. Additionally, uniform forces are applied to the
columns across all three earthquake components, sometimes surpassing the excitation state of the
bridge at certain points. The phase discrepancy between the horizontal and vertical excitation
responses of the column results in a reduction of axial force within the column, from 6.8 to 6.2 kN.
Conversely, at column Cg, the horizontal and vertical excitation responses amplify the compressive
force during the adaptation phase, escalating it from 7 to 7.5 kN.
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Figure 6. The axial force on the foundations' bridge under Tabas earthquake components.

The response of bridge piers under the vertical component excitation of near-field earthquakes not
only reflects the axial forces acting on the piers but also signifies the combined effect of horizontal
components alongside the vertical component in areas of the graph where axial forces decrease
within the column. Fig. 7 illustrates the alterations in forces exerted on the deck due to the influence
of the vertical component. The significant fluctuations in vertical shear force observed in the
second span of the bridge (Span 2) highlight the distinct boundary conditions at the beginning and
end of the spans, attributed to its comparatively shorter length compared to the initial and end
spans. The concurrent excitation under all three seismic components proves to be more influential
than alterations in bridge span length. In Fig. 7, the internal forces of the bridge deck under near-
field earthquakes are depicted, with indices 1, 2, and 3 representing the Bam, Loma Prieta, and
Tabas earthquakes, respectively.
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a) axial force in the middle of the span
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c) vertical shear force in the middle of the span
Figure 7. The effect of the vertical component on the demands (spans lengths are 42, 28, and 42 m).

Within the span length of the deck, a similar phenomenon to the behavior observed in columns
under the influence of horizontal earthquake components acting in conjunction with the vertical
component is observed. When there exists a phase disparity between the horizontal and vertical
components, certain points within the span experience a reduction in internal moment within the
deck beams. Conversely, during phase adaptation, these points witness an increase in internal
moment within the deck beams, as depicted in Fig. 8. Despite possessing equal length and mass,
the initial and end spans of the bridge yield different maximum internal moments. This disparity
arises from variations in boundary conditions within each span, particularly in the vertical response
of the columns.
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Figure 8. The Moment in the middle of span 1 and span 3 under Tabas earthquake components.

Tables 8 to 11 display the disparities in axial force, moment, axial force, and shear force of the
deck resulting from the analysis of the bridge structure. These differences are derived from analyses
conducted under two longitudinal and transverse components, as well as structural analyses
considering all three components simultaneously. To illustrate the impact of the vertical component
on the columns, the tables present the variance between the maximum force experienced under all
three seismic components and the minimum force encountered under the influence of horizontal
component excitation across the four bridge columns, denoted as "Max." Furthermore, the tables
provide insights into the average forces exerted on the columns during bridge excitation under
horizontal earthquake components, referred to as "Mean," along with the average forces on the
columns during excitation under all three components.

Table 8. Comparison of the maximum axial force (KN) of columns under the different components of non-scaled
excitation (spans lengths are 42, 28, and 42 m).

Bam Lo_ma Tabas
Prieta
L+T 4 3E+03 | 45E+03 | 5.4E+03
L+T+V 8.0E+03 | 6.4E+03 | 8.5E+03

(L+T+V)-(L+T) | 3.6E+03 | 1.9E+03 | 3.1E+03

( |E(+LT+))T/Z|Y+)T) 84.0% | 428% | 57.6%
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Table 9. Comparison of the internal moment (KN.m) of middle decks under the different components of non-scaled
excitation (spans lengths are 42, 28, and 42 m)

Bam Loma Prieta | Tabas

Span LT 27E+03 | 25E+03 | 25E+03
L+T+V 55E+03 | 3.6E+03 | 4.2E+03

Span2 LT 52E+02 | 3.0E+02 | 2.9E+02
L+T+V 20E+03 | 55E+02 | 7.5E+02

LT 26E+03 | 24E+03 | 25E+03

Span3 L+T+V 6.1E+03 | 3.6E+03 | 5.1E+03
Spanl | (L+T+V)(L+T) | 28E+03 | 11E+03 | 1.7E+03
Span2 | (LATHV)-(L+T) 15E+03 | 25E+02 | 4.7E+02
Spand | (L+T+V)(L+T) | 35E+03 | 12E+03 | 2.6E+03
Spanl | (L+T+V)-(L+T)/(L+T) | 103.8% |  42.4% 68.8%
Span2 | (LET+V)-(L+T)I(L+T) | 282.2% |  843% | 163.7%
Spand | (LT+V)-(L+T)I(LAT) | 135.2% |  52.7% | 100.7%

Due to the effect of vertical and horizontal components in near-field earthquakes, the most
significant impact of axial force can be observed on the columns, and the impact of the moment
can be traced in the middle of the deck span length. This difference is related to the Bam earthquake
and is equal to 3.6e+03 KN (84%) and 2.3e+03 KN.m (135%), respectively.

Table 10. Comparison of axial forces of decks under the different components of non-scaled excitation (spans
lengths are 42, 28, and 42 m).

Bam Loma Prieta | Tabas

spant L+T 41E+03 | 4.1E+03 | 4.0E+03
L+T+V 95E+03 | 56E+03 | 6.9E+03

span2 L+T 20E+03 | 1OE+03 | L5E+03
L+T+V 8.0E+03 | 28E+03 | 4.2E+03

L+T 42E+03 | 36E+03 | 3.9E+03

Span3 L+T+V 9.7E+03 | 5.7E+03 | 8.1E+03

Spanl (L+T+V)-(L+T) 5.5E+03 1.5E+03 2.9E+03
Span2 (L+T+V)-(L+T) 5.1E+03 9.6E+02 2.7E+03
Span3 (L+T+V)-(L+T) 5.5E+03 2.1E+03 4.2E+03
Spanl | ((L+T+V)-(L+T))/(L+T) | 134.6% 37.0% 71.0%

Span2 | ((L+T+V)-(L+T)/(L+T) | 174.7% 51.2% 171.9%
Span3 | ((L+T+V)-(L+T))/(L+T) | 129.8% 56.7% 107.2%
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Table 11. Comparison of shear force of middle decks under the different non-scaled excitation (spans lengths are 42,
28, and 42 m)
Bam Loma Prieta | Tabas
Spanl L+T 3.8E+02 3.2E+02 3.0E+02
L+T+V 8.1E+02 4.4E+02 5.3E+02
Span2 L+T 6.8E+02 7.7E+02 7.2E+02
L+T+V 2.0E+03 8.0E+02 1.0E+03
Span3 L+T 3.4E+02 3.2E+02 3.2E+02
L+T+V 7.9E+02 3.8E+02 5.8E+02
Spanl (L+T+V)-(L+T) 4.3E+02 1.2E+02 2.3E+02
Span2 (L+T+V)-(L+T) 1.3E+03 3.4E+01 2.8E+02
Span3 (L+T+V)-(L+T) 4.5E+02 6.4E+01 2.6E+02
Spanl | (L+T+V)-(L+T)/(L+T) | 115.5% 36.8% 75.8%
Span2 | (L+T+V)-(L+T)/(L+T) | 190.9% 4.4% 38.8%
Span3 | (L+T+V)-(L+T)/(L+T) | 133.6% 20.3% 81.9%

The Bam earthquake exhibited a notably higher vertical component compared to other earthquakes,
leading to the most significant disparity observed in axial and shear forces. This pronounced
difference was primarily attributed to the influence of vertical components on the horizontal
components of the deck during near-field earthquakes. Specifically, in the Bam earthquake, the
disparity in axial and shear forces of the deck amounted to 5.5e+03 KN (134%) in the Span 1 region
and 1.3e+03 KN (190%) in the Span 2 region. Upon the onset of vertical components, the deck
experienced vertical vibrations from both sides. Subsequently, owing to its shorter length and lesser
weight, the force transferred from the column to the deck escalated, thereby increasing the shear
force applied to the cross-section.
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Figure 9. The effect of span bridge length under the horizontal excitation of bam earthquake

4.4. The Effects of Scaled Near-field Ground Motions

The second category of analysis is the study of bridges by scaled ground motions. To apply this
study, the responses obtained from the three scaled earthquake records are averaged and are
presented in Fig. 10.
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Figure 10. The effect of the vertical component on the axial forces under scaled earthquakes (spans lengths are 42,
28, and 42 m).

Fig. 11 is related to the internal moment forces of deck No. Eight. It is drawn separately for each
span length of the deck and each earthquake (1, 2, and 3 indexes).
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Figure 11. The effect of the vertical component on the moment under scaled earthquakes (spans lengths are 42, 28,
and 42 m).

The most notable impact of axial force on columns and moment in the middle of deck spans, in a
scaled near-field earthquake scenario, is attributed to the Loma Prieta earthquake, showing a
substantial 63% and 76% difference between the lowest and highest responses observed. This
disparity in behavior is primarily influenced by the interaction of the vertical component with the
horizontal components, particularly evident in near-fault earthquakes characterized by a higher
proportion of vertical components compared to horizontal ones. The consistent scaling method as
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per AASHTO [12] serves to mitigate the influence of vertical components relative to horizontal
components, as outlined in Tables 12 and 13.

Table 12. Comparison of the maximum axial force (KN) of columns under the different components of scaled
excitation (spans lengths are 42, 28, and 42 m).

Max Bam Loma Prieta | Tabas
L+T 3.6E+03 3.6E+03 3.5E+03
L+T+V 5.3E+03 5.1E+03 4.8E+03
(L+T+V)-(L+T) 1.6E+03 1.5E+03 1.3E+03
(L+T+V)-(L+T)/((L+T)) | 44.7% 40.1% 37.5%

Table 13: Comparison of the internal moment (KN.m) of middle decks under the different components of scaled
excitation (spans lengths are 42, 28, and 42 m)

Bam Loma Prieta | Tabas
Spant L+T 2.4E+03 2.4E+03 2.1E+03
L+T+V 3.2E+03 3.7E+03 2.7E+03
Span2 L+T 3.0E+02 3.0E+02 2.9E+02
L+T+V 3.4E+02 3.4E+02 5.0E+02
L+T 2.4E+03 2.4E+03 2.1E+03
Span3 L+T+V 3.1E+03 3.6E+03 2.6E+03
Spanl (L+T+V)-(L+T) 8.2E+02 1.4E+03 5.8E+02
Span2 (L+T+V)-(L+T) 3.8E+01 4.0E+01 2.2E+02
Span3 (L+T+V)-(L+T) 7.7E+02 1.3E+03 5.1E+02
Spanl | (L+T+V)-(L+T))/(L+T) | 34.5% 57.8% 27.7%
Span2 | (L+T+V)-(L+T))/(L+T) | 12.8% 13.5% 76.4%
Span3 | ((L+T+V)-(L+T))/(L+T) | 32.7% 53.6% 24.1%

Based on the findings, it's evident that the horizontal components of near-field earthquakes alone
do not adequately capture the influence of the vertical component. Moreover, as the length of
bridge spans increases, so does the effect of the vertical component, owing to the greater mass of
longer bridges. Consequently, the impact of the vertical component becomes more pronounced.
Additionally, accounting for the vertical component reveals that certain responses analyzed for
near-field earthquake records may surpass bridge capacities, particularly when non-scaled
earthquakes are considered.

5. Conclusions

This study investigates the influence of bridge span length on seismic behavior under near-field
earthquakes, taking into account Soil-Structure Interaction (SSI). Motivated by the seismic activity
in Iran and a gap in research on near-field earthquake effects, this study aims to contribute
theoretically to bridge strengthening and damage reduction in this region. The results stem from
analyzing bridge time history considering variations in deck length, deck deflection angle, and
scaled/non-scaled near-field seismic records. The impact of longitudinal and transverse bearings
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on modal deformation and bridge period is separately explored. Further evaluation across diverse
earthquakes and bridge types is necessary for practical application. Key findings include:

1) Longer decks extend longitudinal and transverse mode periods, while reducing deck deflection
angle increases longitudinal mode period but decreases transverse mode period.

2) Vertical earthquake components significantly raise axial force, shear force, torsion demand, and
axial force in columns, with longer bridge spans amplifying this effect.

3) Vertical earthquake components have limited impact compared to deck mid-span vertical
deformations on bridge transverse and longitudinal deformations, emphasizing their significance
in bearing and abutment design.

4) Horizontal earthquake components inadequately represent the vertical component effect.

5) Coefficients derived from this study's results offer a means to incorporate vertical earthquake
component effects into load compositions, enhancing bridge structural resilience.
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