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Abstract:

The seismic response of structures is influenced by variations in dynamic
properties, which change with vibration amplitude. In this study, two
analytical models simulating experimental single-span RC bridges were
developed using ABAQUS software. The connection between the slab and
the pier was modeled as fixed in one case and as lead rubber bearings (LRB)
in the other.Considering the equation proposed by Ghassoun et al. (2023),
which describes the relationship between damping ratio and acceleration
amplitude, the seismic responses of the analytical and experimental models
were compared to verify the validity of this formulation. Subsequently, the
proposed equation was applied to an existing RC bridge in Homs city,
consisting of two spans and three piers, to investigate the influence of
damping ratio variation on seismic response. The lateral displacements,
accelerations, and shear forces were evaluated and compared for both
constant and variable damping ratios. The results demonstrated that the
numerical and analytical responses obtained using the variable damping
model are in good agreement with the experimental results, with differences
in the range of 1.5-2.2%, compared to 38-58% for the constant damping
assumption. Furthermore, the variable damping ratio resulted in higher
estimated seismic responses than the constant damping case.

Key words: Seismic analysis, Existing RC Bridge, Seismic response,
damping ratio variation, acceleration amplitude.
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Introduction:

The relationship between dynamic properties and seismic response of reinforced concrete (RC) bridges is
critical to ensuring structural integrity during seismic events. Dynamic properties, such as natural frequencies
and mode shapes, have a significant influence on how bridges respond to seismic loads.

Studies indicate that seismic responses are significantly higher than those under gravity loads, emphasizing
the need for dynamic load considerations in bridge design [1].

The seismic analysis of existing reinforced concrete (RC) bridges requires an understanding of their response
to seismic events, with particular emphasis on the effects of variations in damping ratio and acceleration
amplitude.

The nonlinear seismic performance of RC bridges can be assessed using various methods, such as elastic
(ESA), dynamic (EDA), and direct displacement-based assessment (DDBA), with nonlinear history analysis
(NLTHA) providing a more accurate representation of inelastic responses, especially when considering
different viscous damping models [2].

Finite element analysis, including response spectrum and time history analysis, is critical for evaluating
seismic response and the effectiveness of retrofit methods such as restraints, which can improve dynamic
properties such as displacement and base shear [3].

Non-linear dynamic analysis highlights the importance of passive control strategies, such as metallic
dampers, which can significantly reduce horizontal displacements and maintain structural integrity under
extreme seismic actions [4]. The accuracy of seismic response predictions is sensitive to the modelling of
nonlinear load—deformation relationships, and methods such as those outlined in FEMA 273 and ATC-40
provide a framework for such analyses, although improvements in accuracy are still needed [5].

In addition, the choice of damping models, such as Rayleigh and Caughey formulations, can significantly
influence seismic response predictions, as each model has specific applicability and limitations that must be
carefully considered [6].

The high viscous damping coefficient can lead to structural damage during strong earthquakes, indicating a
complex relationship between damping ratios and acceleration amplitudes [7].

Relying on experimental methods to investigate seismic behavior remains challenging due to the scale and
energy requirements involved [8].

Other studies have related dynamic amplification factors to bridge characteristics such as natural frequency,
mass, and structural configuration [9], while additional research has examined radiation damping effects and
their dependence on geometric properties [10]. Furthermore, simplified and nonlinear numerical approaches,
including Zeus NL software, have been employed to simulate seismic response of RC bridges under various
assumptions [11].

Despite these advances, most existing seismic analysis and design approaches still rely on constant damping
ratio assumptions, which may not adequately represent the actual energy dissipation mechanisms under
varying excitation amplitudes. Recent studies have emphasized that damping properties in reinforced
concrete structures are amplitude-dependent and evolve during seismic loading, which can significantly
affect the accuracy of predicted structural responses [12-14].

Therefore, it is necessary to account for the variation of damping ratio with acceleration amplitude in order
to achieve more realistic seismic response predictions. In this context, the present study aims to verify that
dynamic responses obtained by considering variable damping ratio are more consistent with actual behavior
than those assuming constant damping. This is achieved by integrating an acceleration-dependent damping
formulation into both analytical and numerical models and validating the results against experimental data.
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1-Research objective and methodology:

11 Research objective:

It is common practice to consider the damping ratio as a constant value in structural design; however,
previous studies and experimental observations have shown that this assumption may be inaccurate, as the
damping ratio varies with changes in excitation amplitude. Therefore, this study aims to investigate the effect
of damping ratio variation on the seismic response of an existing RC bridge, after first verifying the validity
of the acceleration amplitude—damping ratio relationship proposed by Ghassoun et al. (2023) [15].

1.2 Research methodology:

The adopted research methodology consists of three main stages, combining analytical modelling, numerical
simulation, and experimental validation.

1- A numerical model was developed using Excel sheets for two experimental bridge models with fixed and
lead rubber bearing (LRB) connections, based on a previous study. The general equation of motion was
solved using initial conditions simulating the experimental setup, incorporating the variable damping ratio
equation proposed by Ghassoun et al. (2023) [15].

2- Finite element models of the experimental RC bridges were constructed using ABAQUS software,
considering a time-dependent damping ratio. The models were analyzed and validated by comparing the
numerical results with the experimental responses in terms of free vibration behavior.

3- After validating the proposed equation, an existing RC bridge was modeled in ABAQUS using both
constant and variable damping ratios to investigate the influence of damping variation on seismic response
under the Turkey—Syria (Hatay) earthquake record (TK 3123 station).

2- Numerical study:

1-2 Models’ description:

The geometrical and material properties of the experimental bridge models are summarized as follows:

The two models represent identical single-span RC bridges; however, the slab—pier connection was modeled
as fixed in the first model and as lead rubber bearing (LRB) in the second model, as shown in Fig. 1.

The bridge slab has a rectangular cross-section of 150 x 400 mm and a length of 2200 mm, reinforced with
4T10 mm longitudinal bars and stirrups of 6 mm diameter spaced at 150 mm.

Each pier has a rectangular cross-section of 88 x 400 mm with a net height of 1500 mm, supported on a
square base of 600 x 600 x 300 mm. The longitudinal reinforcement of each pier consists of 4T10 mm bars,
with 6 mm stirrups spaced at 150 mm within the top and bottom 600 mm regions, and at 250 mm spacing in
the central region.

The yield strength of the longitudinal reinforcement is 401 MPa, with a Young’s modulus of 210 GPa. The
unit weight of concrete is 23.4 kN/m3. The slab and pier were cast at different times; therefore, their material
properties differ. The compressive strength of the slab is 52.2 MPa, with a Young’s modulus of 26 GPa.

i

Fig (1.a) Steel plate Fig (L. b) Rubber beari
Fig (1) Experimental RC Bridge Model [16]
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2-2 Numerical analysis:
An analytical model was developed to represent the bridge elements using the coordinates of their end nodes,
allowing the calculation of both stiffness and mass matrices. These were then assembled within the assumed
general coordinate system (a vertical plane passing through the bridge elements), followed by static
condensation of the effective degrees of freedom (Ld matrix).
The stiffness and mass corresponding to the first mode of free horizontal vibration were obtained at the two
nodes connecting the piers to the slab. The mass of the protruding part of the slab was considered as a
concentrated mass at these nodes. To determine the dynamic characteristics, the general equation of motion
was solved assuming a single-degree-of-freedom system using Excel sheets at this stage.
The boundary conditions were defined by assuming an initial velocity at time t=0 (y =0, y' =y, y" = 0).
The time step (At) was introduced for the numerical solution. The selection of the time step (At) was
governed by the requirement to accurately capture the evolution of the damping ratio at each time instant of
the applied seismic excitation. Since the adopted damping model is expressed as a function of the
instantaneous acceleration amplitude, the time discretization must be fully consistent with the temporal
resolution of the input ground motion record.
Accordingly, the adopted time step was taken equal to the sampling interval of the earthquake acceleration
record, ensuring that the damping ratio is evaluated and updated at each recorded time point. This guarantees
proper synchronization between the seismic input and the computed structural response, thereby enhancing
the accuracy of the numerical simulation.
Based on the Duhamel integral and the derivation of the response quantities, the acceleration response was
calculated and compared with the maximum experimental acceleration (Y"exp) for each case. The calculation
was performed iteratively by adjusting the assumed initial velocity until the computed acceleration satisfied
Y 1= Y"exp. The corresponding initial velocity was then adopted.
Assuming an initial damping ratio & = &, the response was subsequently calculated using Egs. (1), (2), and (3).

Y1 =(Yr*Cos(@*tnsn) H(Y'n +Y0*E*wo)/*Sin(w*taer))*e (700", (1)
Y'ner =(-Yr*o*Sin(@* 1) +(Y'h +Ya*E*00)/0*0*Cos(0*th1) ) *e (-£*0* tn+1) -E*@o* e (g0t )
*(Yn*Cos(@*tn+1)+(Y'n +Yn*E* o)/ @*Sin(m*tn+1)) )

Y"1 =(-Yn*0?*Cos(m* the1)-(Y'n +Yn*E*mo)/0*0?*Sin(0* the))*e (€0 ™D + (=Y *@*Sin(0* th) +(Y'n
+Yn*f*w0)/m*m*cos(m* tn+1))*e (-E*u)(]* tn+1) *(_E*wo)_f*mo*e (-6*(00* tn+1) *(-Yn*ﬁ)*Sil’l((D* tn+l)+(Yln

+Yn*E*w0) *Cos(w* tne1)) +E2*mo?*e (6" it *(Yn*Cos(* the1)+(Y'n +Yn*E* o)/ 0*Sin(w* tne1)) (3)
Were:
Yn+1: the displacement at time (n+1) o: angular frequency
Y'h+1! the velocity at time (n+1) wo: natural angular frequency
Y"n+1: the acceleration at time (n+1) &: damping ratio

The displacements response was calculated from the equation of motion using the finite difference method
(central difference). Considering a constant acceleration at each step, the responses for the constant and
variable damping ratio were calculated. The New mark integration method was used by substituting the Eqgs
(4) and (5) [17] in the equation of motion to calculate the displacement from Eq. (6).
Z'dy = (2% Z ey -2* Zy — Z'n *dt)/dt (4)
Z" @rdty = (8% Z (o) 4% Z oy -4* Z' o *dt)/(dt 2)-Z" 5)
M((4* Z a4 Z @y -4% Z' ) *dO)/(dt?)- Z" ) +C((2* Z ey -2% Z (9~ Z' 9 *d/A)+K(Z @) =0 (6)
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Were:

Z (»: the displacement at time (t) Z (+dr): the displacement at time (t+dt)
Z' ¢ the velocity at time (t) Z' 1+ the velocity at time (t+dt)
Z" : the acceleration at time (t) Z" +ap: the acceleration at time (t+dt)

dt: time step m: mass
c: The damping coefficient K: stiffness

The damping ratio is compared with the eq (7):

f(u)=¢ (7)
If the calculated value does not match the initially assumed damping ratio (&), the damping ratio is
recalculated using Eq. (7), and the corresponding responses are updated accordingly. This procedure is
repeated iteratively by adjusting the damping ratio until the free vibration equation is satisfied using a
successive approximation method.
The analysis was performed for two cases: a constant damping ratio (§ = 0.05) and a variable damping ratio
defined by Eq. (7), both based on the general equilibrium equation (Eqg. (8)). To ensure numerical
consistency, the iterative process was continued until convergence was achieved, defined by a negligible
difference between successive values of the damping ratio and the corresponding dynamic response. A
convergence tolerance of 10~ was adopted for the damping ratio variation between successive iterations.
After solving the general equation of motion, an Excel-based computational procedure was implemented to
track all relevant variables, including the damping ratio at each time step and the associated dynamic
responses (displacement, velocity, and acceleration), assuming an initial velocity value.
As a result, the variation of the damping ratio with time was obtained. In addition, a logarithmic
representation of the damping ratio variation over a wide frequency range was generated by considering the
reciprocal of the time step as an equivalent frequency. Fig. 3 illustrates the damping ratio variations obtained
from the numerical analysis. The relationship between damping ratio and acceleration amplitude is described
by Egs. (9-10), as shown in Fig. 2.
The damping ratio variations in the time domain are presented in Fig. 3-a, while the variations in the
frequency domain are shown in Fig. 3 (b—d).

m ii+ ¢ u+ku=0 (8)
£=0.0305 ij 02493 9)
m % +2omx*(0.0305 ii %) + ku =0 (10)

¢ = 0.03052('0-2493
R? = 0.8285

Damping Ratio

Horizental Acceleration

Fig (2) Damping ratio equation [15]
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3- Analytical study:
1.3 Modeling description:
A numerical model simulating the experimental bridge specimens [16], shown in Fig. 4, was developed
using the finite element software ABAQUS.
The model was discretized into finite elements of varying sizes, with mesh refinement adjusted according to
the importance of each structural component, while considering computational efficiency and solution time.
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A finer mesh was adopted for the slab, as it represents a critical component in accurately capturing the
structural response. In the experimental setup, free vibration was induced by a hammer impact applied at the
top of the bridge model, causing oscillation primarily about the weak axis of the cross-section.

The resulting horizontal acceleration responses were recorded using an accelerometer placed at the top of the
model.To replicate the experimental conditions, an equivalent impulse load was applied in the numerical
model to simulate the free vibration test. This modeling approach ensures consistency between the
experimental setup and the numerical simulation, enabling reliable validation of the analytical results.

C.odb Abaqus, ard 2024 Sun Ng- 4

odb Abaqus/Stahdard 2024  sat
e -9 Freq = 5.4413  (cyclesftime) L Value = 2745.6 Freq = B8.3395 (cycles/time)
Fig (4.a)Abaqus model - Steel plate Fig (4.b) Abaqus model — Rubber bearing
Fig (4) Abagus model of the RC bridge
3- Result discussion:
To validate the damping variation equation (Eq. (7)), the acceleration responses obtained from numerical and
analytical analyses were compared with the experimental results. First, the natural frequencies of the first
mode obtained from the numerical and analytical models for both fixed and LRB connections were
compared with the corresponding experimental values. As shown in Table 1, a good agreement was
observed, with only minor differences between the predicted and measured values. Subsequently, the
acceleration time-history responses were evaluated considering both constant damping (& = 5%) and variable
damping ratio. Fig. 5 presents the comparison between numerical and experimental responses for the fixed
slab—pier connection. It can be observed that, in the case of constant damping, the difference in peak
acceleration reached approximately 50%, whereas the variable damping model significantly reduced this
difference to about —2%. Similarly, Fig. 6 illustrates the comparison between analytical and experimental
acceleration responses for both fixed and LRB connections.
For the fixed support case (Fig. 6-a), the difference in peak acceleration was about 58% for constant
damping, while it decreased to approximately 1.5% when variable damping was considered. For the LRB
case (Fig. 6-b), the difference was about 38% for constant damping and reduced to approximately 2.2% with
variable damping. These results clearly indicate that the variable damping ratio provides a much closer
agreement with the experimental response, particularly within the first 2 seconds of motion. In contrast, the
constant damping assumption leads to significant discrepancies in the predicted response.
Furthermore, Fig. 7 compares the numerical, analytical, and experimental acceleration responses for the
fixed connection case. The numerical results obtained using Excel show a strong agreement with the
experimental data, with a difference of approximately 2% in peak acceleration. This confirms the validity of
the proposed damping variation equation (Eg. (7)) and highlights the importance of incorporating damping
variability in seismic response analysis. This improvement demonstrates the limitations of constant damping
assumptions and emphasizes the necessity of adopting amplitude-dependent damping models for accurate
seismic response prediction.
It is obvious that there was a significant convergence in the results up to 2sec for variable damping ratio,
while it was large for constant damping ratio.
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Fig (7) Numerical, analytical and experimental acceleration response (fixed support)

Table (1) Natural frequency

Bridge Model Experimental Excel ABAQUS
F (Hz) — Steel plate 7.935 8.233 8.339
F (Hz) — Rubber 5.615 . 5.441
Bearing

Furthermore, Fig. 7 presents a comparison between the numerical and analytical acceleration responses
obtained using the variable damping ratio and the experimental acceleration response of the fixed-connection
RC bridge model. It can be observed that the numerical results obtained using Excel show a significantly
improved agreement with the experimental data, with a difference of approximately 2% in the maximum
acceleration amplitude.

The comparison of the numerical, analytical, and experimental acceleration time-history responses in Fig. 7
confirms the validity of the adopted reference equation (Eg. (7)). When the variation of the damping ratio is
taken into account, the predicted responses exhibit a closer agreement with the experimental results. This
result further highlights the importance of incorporating damping ratio variability in accurately capturing the
dynamic behavior of RC bridge systems. This result further highlights the importance of incorporating
damping ratio variability in accurately capturing the dynamic behavior of RC bridge systems.

4- Seismic Response of the existing RC bridge:

a. Models’ description:

After validating the proposed damping ratio variation equation, it was applied to an existing RC bridge,
namely the Al-Houla Bridge (Fig. 8), located on the Homs—Houla road and constructed in 2006. The bridge
consists of two spans of 18 m, supported by three piers and seven beams. The beam spacing is 140 cm, and
the slab thickness is 20 cm, with cantilever extensions of 70 cm from the beam axis on each side.

Each pier consists of five columns, a cap beam, and bumpers at both abutments. The column cross-section is
70 x 70 cm with a reinforcement ratio of 1.5%. The column height is 6 m from ground level to the underside
of the cap and 6.5 m to the beam axis. The cap beam has a thickness of 70 cm and a width of 100 cm. The
bumper width is 70 cm with a net height of 120 cm. A clearance of 15 cm is provided between the bumper
and the slab on each side to allow horizontal movement.

Neoprene supports were used to control the vibration of the bridge deck at both ends. Since the mechanical
properties of these supports were not available, a series of laboratory tests was conducted at Homs
University, including shear, axial compression, and rotation tests, to determine their mechanical
characteristics for use in the numerical model.

The dimensions of the neoprene bearings are 200 x 200 x 46.81 mm. The thickness of the main neoprene
layer is 7.19 mm, while the effective total thickness of the internal layers is 28.75 mm. The steel plate



thickness varies between 2 mm and 2.15 mm, with an average spacing of 2.07 mm, resulting in a total
thickness of 10.35 mm.

Based on the experimental characterization, the equivalent stiffness values of the supports were determined
as k= 4.41 x 10° N/m and k;; = 4.41 x 10° N/m for horizontal directions, and kyy = 1.64 x 108 N/m for the
vertical direction. This detailed characterization ensures that the numerical model accurately represents the
actual structural and support conditions of the bridge.

Fig (8). Al-Houla Bridge (a camera photo)

Fig (9) Abaqus model of Houla bridge

b. Modeling description:

In this study, the bridge was modeled using ABAQUS software. The supports of the bridge piers were
assumed to be fixed at the foundation level, while the superstructure was modeled with appropriate boundary
conditions restraining the required degrees of freedom. Neoprene supports were represented in the numerical
model using equivalent horizontal and vertical spring elements. Concrete was modeled using solid
homogeneous elements (C3D8), while reinforcement was represented using truss elements (T3D2). The lead
rubber bearings were simulated using spring and dashpot elements (CO3D2). The nonlinear behavior of
concrete in the plastic range was incorporated through an appropriate stress—strain relationship based on the
fundamental material properties [15]. Fig. 10 illustrates the adopted stress—strain relationship for concrete.
The adopted modeling approach ensures a realistic representation of both structural components and support
conditions, enabling accurate simulation of the seismic response.

o - (MPa)

0.40% 0.60% 0.80% 1.00% 1.209 1.40%

Fig (10) Concrete (.Stress-Strain)
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C. Seismic analysis response:

The seismic analysis of the RC bridge was performed using ABAQUS under two different damping
assumptions. In the first case, a constant damping ratio of § = 0.05 was considered, while in the second case,
a variable damping ratio was applied at each time step according to Eq. (9) [15], as illustrated in Fig. 2.
Based on the numerical procedure developed in this study, the variation of the damping ratio was evaluated
in both the time domain (Fig. 3-a) and the frequency domain (Fig. 3 (b—d)).

The seismic input was defined using the Turkey-Syria (Hatay) earthquake record (station TK 3123),
associated with the seismic events of 6 February 2023 and subsequent aftershocks shown in Fig. 11 [19,20].
To investigate the influence of excitation intensity, different scaling factors of 30%, 50%, 70%, 100%, and
130% of the recorded ground motion were applied. The corresponding dynamic responses of the bridge,
including base shear forces, accelerations, displacements, and velocities, were obtained and compared for
both constant and variable damping ratio cases under each excitation level. This approach allows for a
comprehensive assessment of the influence of damping ratio variability on the seismic response under
different levels of ground motion intensity.

Seismic record measured at the station - Hatai - TK 3123

0.4
0.2

-0.2
-0.4
-0.6

0.8
0 2 4 6 8 10 12 14 16
Time (sec)

Fig (11) Turkey-Syria (Hatay — TK 3123) Record [20]

0.665

Ground acceleration (g)

d. Result discussion:

Fig. 12 presents the time-history responses of the RC bridge (base shear, acceleration, displacement, and
velocity) for both constant and variable damping ratios under 100% of the earthquake record. It can be
observed that the responses obtained using the variable damping ratio are consistently higher than those
obtained using the constant damping assumption. Furthermore, Fig. 13 illustrates the variation of the
maximum responses for different scaling levels of the earthquake excitation.

It is evident that the maximum structural response increases with increasing excitation amplitude in both
cases; however, the difference between the constant and variable damping responses becomes more
pronounced at higher intensity levels.

For instance, at 30% excitation, the difference in maximum acceleration between the two cases is
approximately 70.55 m/s?, whereas it increases significantly to about 305.72 m/s2 at 130% excitation.
Similarly, the difference in base shear increases from 30.61 kN at 30% excitation to 132.62 kN at 130%.
The same trend is observed for velocity and displacement responses, where the differences increase from
1.80 m/s to 7.77 m/s and from 0.26 mm to 1.11 mm, respectively.

These results indicate that the influence of damping ratio variability becomes increasingly significant with
higher seismic excitation levels. The use of a constant damping ratio may therefore lead to underestimation
of seismic demand, particularly under strong ground motion conditions.

Overall, the incorporation of a variable damping ratio provides a more realistic representation of the seismic
response of RC bridges, highlighting the importance of considering amplitude-dependent damping in
practical seismic analysis and assessment.

This finding has important implications for seismic design and assessment, as neglecting damping variability
may result in non-conservative estimations of structural response.
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10 Conclusions and Recommendations:
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In this study, two analytical models simulating experimental single-span RC bridges were developed using
ABAQUS software. The acceleration-dependent damping model proposed by Ghassoun et al. (2023) [15]

was adopted to investigate the influence of damping ratio variation on seismic response. The proposed
approach was first validated against experimental results and subsequently applied to an existing RC bridge.
The main conclusions of this study can be summarized as follows:

1. The acceleration responses obtained from numerical and analytical analyses using the variable damping

ratio showed very good agreement with experimental results, with differences ranging between 1.5% and

2.2%, compared to 38-58% for the constant damping ratio.

2. The proposed damping model resulted in higher seismic response estimates compared to the constant

damping assumption. The base shear, displacement, acceleration, and velocity responses of the existing RC

bridge increased when damping variability was considered.

3. The maximum seismic response of the bridge increased with increasing excitation amplitude, with a more

pronounced difference between constant and variable damping cases at higher intensity levels.

4. The results demonstrate that assuming a constant damping ratio may lead to underestimation of seismic

demand, whereas incorporating damping variability provides a more realistic representation of structural

behavior under seismic loading.

5. In this study, numerical analysis was performed using Excel; however, for future work, it is recommended

to develop a dedicated computational tool, such as a Python-based program, to efficiently implement the

proposed damping model and facilitate its integration with finite element platforms such as ABAQUS.

Overall, the findings highlight the importance of considering amplitude-dependent damping in the seismic

analysis and assessment of existing RC bridges.
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