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I. INTRODUCTION

Dynamic analysis is required for structures subjected to random or dynamic loads. Essentially, dynamic analysis comprises
response spectrum analysis and time history analysis. In case of structures with vast spans, the ground motion effects at various supports
may vary. For such cases, time history analysis is essential to account for the time delay in earthquake ground motions. One of the new
areas of recent research has been the influence of spatial variability in ground motion on bridge responses. Many such studies have pointed
out that the incoherency in ground motion, wave-passage effects, and local site conditions all combine to produce significant variations
in seismic input along the length of a bridge[1]. For instance, the authors in [2] investigated how such spatially varying motions result in
more complicated stress distributions and deformation patterns in bridge structures.

Their work then indicated how the traditional seismic analysis, which is highly based on assumptions of uniform ground motion,
misses complex responses when different parts of a bridge are subjected to different seismic forces. Nonlinear dynamic analysis has also
been used to determine the behavior of bridges for multi-support seismic excitations. In this context, Sextos et al. [3] analyzed the
nonlinear dynamic response of multi-span bridges and observed that neglecting the spatial variability of seismic inputs may result in
underestimation of the stress in critical components such as piers and bearings. Their findings pointed to the important role of accounting
for spatial variability in seismic design, to avoid structural underperformance or failure under seismic events. Other researchers have
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sought an understanding of how, within spatially variable seismic inputs, the effect of SSI on bridges is considered. Hoseini et al. [4]
illustrated that structure-soil interaction (SSI) significantly alters the seismic demands on bridge piers and abutments, especially when
accounting for spatial variability. That is how the scientists' research pointed out that SSI, through the interaction of soil and structure,
can enhance seismic forces, which is followed by increased deformation and distribution of stress than models without accounting for
SSI effects.

In 2018, Yudakul and Ates [5] studied the performance of the lead rubber bearing (LRB)[6] isolator devices to reduce the seismic
demand on bridges under multi-support ground motions. Through this study, it was observed that the performance of the isolating devices
is significantly improved by the consideration of spatial variability and may provide a feasible way to solve the complex seismic response
problems for these bridges. In 2021, Shen et al.[ 7] studied the effect of the ground motion spatial variability on the collapse behavior of
buildings. Accordingly, a finite element model was put forward to simulate the collapse of the reinforced concrete (RC) structure, with
four typical three-story buildings chosen for analysis. All these results indicate that the spatial variability in ground motion has an
important impact on structural response and collapse mode, especially for higher earthquake intensity. Therefore, such variability should
not be ignored in the simulation. Coupling of structural nonlinearity with randomness in the ground motion is one of the essentials behind
collapse behavior.

In 2020, Ering and Babu[8] studied the effects of spatial variability in earthquake ground motions on the reliability of road systems
crossing slopes susceptible to landslide failure. These models use the Material Point Method to model landslide-induced road failures by
simulating the slope behavior under seismic loading. Further, the results show that the spatially varying seismic forces have significant
effects on the slope failure risks. Neglecting these variations underestimates the landslide and road system risks. Critical variables, such
as Arias intensity, hence determine slope displacement and the behavior of the landslides. Further, in 2024, Guesmi et al. [9] investigated
the effectiveness of the state-space method to analyze multi-support excitation in a structure subjected to non-uniform seismic loading
and thus proved considerably efficient and accurate as compared to traditional methods such as the Duhamel integral, the Newmark
method, etc. It also points out the computational advantages of the state-space method in large structures where the computational speed
may become critical.

The paper is organized as follows : an extensive background on previous studies that pinpoint the importance of the proposed
subject is provided at the outset.This section focuses on the progress made in the interpretation of multi-support seismic excitations and
their dynamic structural response. Then, the case that is studied is described in detail, while afterwards, the approach followed for the
finite element analysis is presented in detail. Finally, it provides the results developed from the performed analyses, with their
interpretation, giving information about the dynamic behaviour of structures under different seismic conditions. The paper finally wraps
up by summarizing the conclusions drawn from findings and recommendations for future research.

II. PROBLEM DESCRIPTION

A time history analysis of a bridge comprising four frames is conducted to investigate its dynamic response under both uniform
and non-uniform excitation scenarios. This analysis utilizes the finite element method, specifically employing the Newmark method for
solving the governing equations of motion. The geometric dimensions of the bridge are detailed in Figure 1.a, where the beam cross-
section measures 80 x 120 cm and the column cross-section is 80 x 80 cm. The material properties include a Young's modulus of
E=2.48%106 Pa and a volumetric massp=2402kg/m3, with a damping ratio of £&=0.05. The seismic excitation is modeled based on the
Boumerdes earthquake, which is depicted in Figure 1.b.
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Figure 1: Problem description a) Bridge dimensions.
b) Acceleration of Boumerdes earthquake.
Source: Authors, (2025).

1. NUMERICAL FORMULATION

The motion equations for a multi-degree-of-freedom (MDOF) system subjected to multi-support excitations can be expressed as

follows [10,11].
[ 1 P [ o il [ R <1>
Mgs Mgl ¥, Cgs  Cggl g Kgs  Kggllxg By
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The mass matrix Mg, represents the mass associated with the superstructure and non-support degrees of freedom, while M,
corresponds to the mass associated with the support degrees of freedom. The matrices Mg and My are coupling mass matrices that
account for the inertial forces acting on the superstructure due to the movements of the supports. The damping and stiffness matrices are
defined in a similar manner. The vector x* denotes the total displacements related to the superstructure's degrees of freedom, and x,
represents the vector of ground displacements at the supports. The vectors x, Xg, ¥t ¥, indicate the velocities and accelerations,
respectively, and are defined analogously. F; is the vector of forces generated at the support degrees of freedom.

The overall displacements of the superstructure and non-support degrees of freedom can be separated into relative displacements
between the structure and the supports, as well as quasi-static displacements resulting from static support movements [10,11].

xt(t) = x(6) + x5(0) )
The quasi-static displacements can be represented as
xs =T x4 3)
Then the total displacement will be
xt=x+Tx, 4)

x4 represents the input ground motion, while, I' is an influence coefficient.
The displacement is separated into two components:
t
X Xs X
b = (i + (o) ®)

To determine the quasi-static displacements x generated by the support displacements x4, the quasi-static equilibrium equation can be

expressed as:
Kss ng] Xs {0}
= 6
[Kgs Kyq {xg} Py (6)

Where, F; represents the support forces required to statically enforcing displacements x, that change over time. Furthermore, By = 0, if
the structure is statically determinate or if the support
experiences rigid body motion, as indicated in Equation (6).
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Figure 2: Finite element meshing.
Source: Authors, (2025)
Reducing the equation above by utilizing the following expression:
xs =T x4 ®)
I'= _Ks_les ©
Replacing Equation (8) in Equation (7)
(KssT + Kgg)xy = 0 (10)
To determine the response of the non-support degrees of motion, the subsequent equation can be derived from Equation (1):
Mgkt + Mggiy + CosXt + Cogky + Kosxt + Kogxy = 0 (11)
M &t + Coskt + Kooxt = —MggXg — CigXg — KsgXg (12)

In most instances, the mass coupling matrix and the damping matrix are typically of minor magnitude, resulting in minimal
contribution to the overall system dynamics; hence, they can often be ignored. Consequently:

M &t + Cost + Kooxt = =K% (13)
Next, we will substitute Equation (4) along with its corresponding velocity and acceleration components into Equation (12).
Mk + CoeX + KX = —(Mgg + T Mgg)¥g — (Csg + T Cos)xg — (Ksg + T Kgg)xg (14)

As previously derived in Equation (10), the expression ( K I' + Ks5)x, = 0, and the term M, representing the inertia coupling,
can typically be disregarded for most structures. This neglect is further justified by the assumption that, for structures with mass
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represented as concentrated at the degrees of freedom, the mass matrix is diagonal. This configuration implies that M, effectively
becomes a null matrix, while M retains its diagonal form. Moreover, the influence of the damping term (Cs4 + I' Cg5) X, is minimal and
can also be omitted from consideration. Hence:

Mgs % + Css x + K x = — My T X (15)

The equation (15) is the equation of motion for the Multi Degree of freedom (MDOF) system subjected to multi-support excitation.
The matrix I is obtained from a static analysis of structure for relative movements [12].

The finite element model utilized in this study employs a linear two-node element configuration with three degrees of freedom, as
depicted in Figure 2. This figure illustrates the meshing scheme applied to the bridge, along with the node and element numbering system
used in the analysis. The selection of this linear element model facilitates efficient computational analysis while capturing the essential
structural behaviour of the bridge under seismic excitation.

Two excitation scenarios are applied to the horizontal components of each bridge support. In the first scenario, a uniform excitation
is applied, meaning that the same ground acceleration is simultaneously exerted on all supports. In contrast, the second scenario involves
a non-uniform excitation, where the same ground acceleration is applied to all supports, but with a time delay between them, as illustrated
in Figure 3.b.
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Figure 3: Excitation scenarios a) Uniform excitation , b) Non-Uniform excitation.
Source: Authors, (2025)

IV. RESULTS AND INTERPRETATIONS

In this section, we present and analyze the key results obtained from the time history analysis of the bridge under both uniform
and non-uniform excitations. The discussion focuses on the maximum deformed shapes, maximum displacements, and the internal forces,
including axial, shear, and bending moments. The figure 4 illustrate the maximum deformed shapes of bridge in both cases, along the
duration of earthquake signal. Key Observations from this Figure:

w— Mzximum deformation for aniform excitationft=16.%9%)

= Mzximum deformation for Non-uniform excitationt=27.165)

Figure 4: Maximum deformed shapes of the bridge.
Source: Authors, (2025).

* Deformation Behavior: The deformation pattern exhibits significant variation, particularly between beams 2 and 3. In the case of non-
uniform excitation, the compressed and stretched fibers are reversed compared to the uniform excitation scenario. In the uniform case,
both beams 2 and 3 experience compression on the bottom side. This shift directly impacts the distribution of steel reinforcement.

* Magnitude of Deformation: The magnitude of deformation under non-uniform excitation is larger compared to that under uniform
excitation. This suggests the necessity of increasing the beam dimensions and the amount of reinforcement to accommodate the additional
stresses.

» Temporal Shift of Peak Values: Due to the non-uniform nature of the excitation, the timing of peak structural responses shifts from
16.995 seconds to 27.167 seconds. Notably, maximum deformations occur in the final moments of the earthquake, even when the seismic
intensity has substantially decreased. This highlights the importance of considering the entire duration of the earthquake during the design
phase.

* Increased Flexural Demands on Central Column: The non-uniform excitation results in a greater flexural action on the central column,
necessitating careful attention during the structural design to mitigate potential vulnerabilities.

* Vertical Deformation from Horizontal Excitation: Despite the horizontal application of excitation forces at the supports, the structure
undergoes vertical deformation due to its elongated geometry. This behavior underscores the importance of considering structural form
in the assessment of response under dynamic loading conditions.
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The vertical displacement of node 9 presented in figure 5 during the earthquake period, which has the maximum values compared
to other nodes
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Figure 5: Vertical displacement of the node 9 during the earthquake.
Source: Authors, (2025).
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The initial observation reveals a distinct variation in the response curve under non-uniform excitation. In this case, the vertical
displacement remains nearly negligible until approximately the tenth second, after which it rapidly amplifies, surpassing the displacement
observed in the uniform excitation case. The non-uniform excitation reaches its maximum displacement of 7.4 cm at around 24 seconds.
Conversely, in the uniform excitation scenario, the vertical displacement exhibits a more harmonic pattern, reaching its peak value of 3.4
cm midway through the earthquake’s duration. A comparison of these peak values demonstrates that the non-uniform excitation results
in a 50% increase in maximum displacement. This significant amplification underscores the critical importance of accounting for non-
uniform excitation effects in the seismic analysis of long-span structures. Figure 6 illustrates the internal forces at the middle support
(number 3) during the earthquake, including axial force, shear force, and bending moment.
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Figure 6: Internal forces at middle support N°3 during the earthquake.
Source: Authors, (2025).
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In the case of non-uniform excitation, axial forces initiate oscillation at the tenth second, while under uniform excitation, the
axial force exhibits greater peak values throughout. This implies that non-uniform excitation reduces the axial forces acting on the
columns, potentially allowing for a reduction in column, foundation dimensions and reinforcement quantity. Conversely, the non-
uniformity in excitation amplifies the shear forces by a factor of 8 and the bending moments by a factor of 6. This amplification initiates
simultaneously for both excitation scenarios, indicating that the reinforcement steel required for the columns will need to be increased by
6 to 8 times compared to the uniform excitation case. The color map depicting the maximum curvature and internal forces for both cases
is presented in Figure 7.
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Figure 7: Maximum curvature and internal forces for the bridge structure, a) Uniform excitation, b) Non-uniform excitation.
Source: Authors, (2025)

V. CONCLUSIONS

In conclusion, this study highlights the significant impact of asynchronous excitation on the structural response of bridges during
seismic events. The key findings demonstrate that non-uniform seismic excitation results in larger deformations, a shift in the time of
peak structural responses, and amplified internal forces compared to uniform excitation. Specifically, the reversal of compression and
tension sides in beams under non-uniform loading alters the distribution of steel reinforcement. The increased deformations, flexural
demands on central columns, and the unexpected vertical displacement of the structure despite horizontal excitation emphasize the critical
need to incorporate these factors in seismic design.

For future work, there are several potential avenues of exploration. First, more sophisticated modeling techniques could be
employed to capture the interaction between soil and structure under non-uniform seismic conditions, which would provide further
insights into foundation and abutment behavior. Additionally, experimental validation using shake tables or field monitoring could
strengthen the empirical foundation of these findings. Finally, optimizing the design of seismic isolation systems, such as lead rubber
bearings, could be investigated to mitigate the effects of non-uniform excitation and enhance the overall seismic resilience of long-span
bridges.
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